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The Profound and Expensive
Operational Paradox

The biopharma
industry faces a
costly operational
paradox.

Over the last two decades, companies
have invested billions to modernize both
ends of the value chain: discovery is
being transformed by Al, Machine
Learning, Modelling and High
Throughput Experimentation, while
global commercial manufacturing has
endeavoured to capture the value of
scientific innovation.

Yet between these two modernized
endpoints sits a historically
under-funded vulnerability: Chemistry,
Manufacturing, and Controls (CMC).

CMC is no longer a back-office
checkpoint; it has become
biopharma’s proverbial “Strait of
Hormuz” — a narrow chokepoint
through which every therapy must
pass before reaching patients.

And the chokepoint is indeed choking:
an astonishing 74% of FDA Complete
Response Letters (CRLs) issued by FDA
have been driven by CMC deficiencies,
often reflecting fragmented evidence,
unresolved site observations, weak
manufacturing readiness, or incomplete
proof of commercial-scale control.

If CMC bottlenecks are
removed, biopharma
companies can achieve
up to a 40% reduction in
overall cycle times with
60% phase acceleration.

The path to unlocking this acceleration
is not another point-solution
deployment or small interventions and
efficiencies. It requires revolutionising
CMC around connected scientific data,
reimagined DMTA workflows, agentic,
scientist-centred support &
orchestration, and Al-enabled process
intelligence.
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Figure 1. CMC's mission is translating preclinical candidates into scalable therapies. Crucially, it isn't
just about how manufacturing the product needs to work but proving it with a unified data and
technical know-how all the while overcoming systemic hurdles like data silos, manual reporting and

paper-based systems.
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This paper examines the CMC
bottleneck through three lenses:

The Cause

@ First, it explains how scientific complexity, tribal silos, analog
X\ documentation, and fractured technology transfer made CMC the
rate-limiting constraint between discovery and launch.

The Cost
: Second, it quantifies the cost of that constraint in lost revenue,
Eﬁﬁ delayed patient access, stranded scientific talent, and failed digital

transformation.

The Cure

ﬁ/ﬁm Third, it outlines a future-state model for a revolutionised agentic,
@ scientist-centered CMC: one built on reimagined DMTA workflow,

unified data, lab and process orchestration, and tech transfer-by-design.
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SECTION 1

The lllusion of Speed - How CMC
Became the Ultimate Chokepoint

If you were to visualize the modern drug
development pipeline, it operates much
like a multi-billion-dollar, six-lane highway.
Discovery has seen major investment in
computational biology, Al-enabled design,
high-throughput screening, and
model-informed candidate selection,
although impact varies by therapeutic
area and organisation.

However, this high-capacity infrastructure
does not run all the way to commercial
launch. It suddenly compresses into a
fragmented, unpaved two-lane road.

Regardless of the velocity
achieved in early discovery,
every therapeutic asset must
eventually squeeze through
this narrow pathway.

This compressed pathway is the current
state of Chemistry, Manufacturing, and
Controls. CMC is a pinch point in the
overall drug development lifecycle:
essential to commercialization, yet
ill-equipped to handle the velocity and
complexity required for modern
therapeutics.

The Modality Paradigm Shift: From Predictable

Chemistry to Living Systems

To understand why this pathway is
narrowing, one must look past the
administrative symptoms and examine the
changing nature of the science itself. The
fundamental reality of what the biopharma
industry manufactures is shifting, rendering
the legacy processes and frameworks
increasingly inadequate.

Historically, traditional drug
manufacturing was defined by the
synthetic creation of a small-molecule
active pharmaceutical ingredient (APlIs).
Producing a drug like paracetamol was,
at its core, an exercise in predictable,
deterministic synthetic chemistry.

Zifc
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The critical parameters are known, the
reactions relatively well understood, and
the analytical frameworks used to
monitor the process are made up of a
finite number of relatively well-known
variables.

We are not underplaying the complexity
here -- the distinction is not that
small-molecule CMC is simple. Synthetic
processes can involve significant risks
around impurity formation, solid-state
control, crystallisation, scale-dependent
heat and mass transfer, process safety,
and formulation robustness.

The difference is that many
mature small-molecule
platforms often benefit from
deeper mechanistic
predictability and established
scale-up playbooks.

Today, this paradigm has changed. We
are operating in a new scientific reality
where nearly 50% of clinical trials
involve biologic modalities.

Modern pharma pipelines
typically feature:

Recombinant proteins
and antibodies

mAbs, BsAbs, fusion
proteins, enzymes.

=2
D

Hybrid biologic-synthetic
@ modalities

ADCs, radioligand
conjugates where relevant.

Cell therapies

autologous/allogeneic CAR-T,
TCR-T, stem-cell-derived
therapies.

Gene therapies and
viral vectors

AAV, lentiviral, non-viral
systems.

—
therapeutics
mRNA, ASO, siRNA.

g Nucleic acid

Synthetic complex
modalities

peptides, oligonucleotides,
complex long-acting
formulations.

The CMC challenge is that modality-specific process knowledge, analytical control, raw
material variability, and product-process coupling have become harder to manage with

generic informatics workflows.

Zifc
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Table 1: Operational Divergence:
Synthetic Chemistry vs. Complex Biologics

Operational

Dimension

Synthetic Chemistry
(Small Molecules)

Complex Biologics &
CGT (Large Molecules)

Process
Variables

Finite and
tightly defined.

Highly complex, involving hundreds to
thousands of potentially influential
process, material, equipment, and
environmental variables, only a subset
of which are characterised as CPPs or
CMAs.

Scale-Up
Mechanics

Relatively
predictable
thermodynamics
and kinetics.

® Not very predictable due to lack of
system variable interplay
understanding makes kinetics and
modelling hard e.g. —

® oxygen transfer, mixing time
shear, mass transfer, pH and
dissolved CO, gradients, heat
transfer, cell physiology, metabolic
state, feeding strategy, impurity
clearance, resin performance, viral
clearance, hold times.

Excipient
Risk Profile

Low complexity;
typically utilizes
“known” compounds
(e.g., simple binders,
colorants, waxes) for
physical formulation.

High complexity; often require
stabilizing via various agents making
“drug product” more complex. Excipient
selection is more tightly coupled to
stability, aggregation, viscosity,
immunogenicity risk, and
container-closure compatibility.

Environmental
Tolerance &
Stability

Broad resilience, e.g.,
can typically withstand
minor temperature
fluctuations without
product degradation.

Extreme sensitivity.
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Instead of a finite set of known variables,
process development scientists are tasked
with monitoring hundreds or thousands of
interconnected parameters -- many of
which remain unmapped or only partially
understood.

Scaling up these biological processes
defies simple mathematics. Transitioning
from a pilot bioreactor to a
commercial-scale vessel can
significantly alter the underlying biology
of the environment.

Mixing time, oxygen transfer, CO,
stripping, pH gradients, osmolality, shear,
heat transfer, feed strategy, metabolic
state are examples of variables that can
impact the biological system behaviour.

Because these are living systems, minor
variations in the manufacturing process
can induce subtle changes in the final
molecular structure, such as glycosylation,
charge variants, aggregation,
fragmentation, oxidation, deamidation,
higher-order structure, and impurity
profile - these changes may not alter the
sequence but can affect how the biologic
behaves in the human body.

This biological volatility extends directly
into formulation and packaging. In
small-molecule formulations, excipients
were often inert binders, flavorings,
colorants, or waxes used to form a tablet.

Large-molecule biologics, by contrast,
require functional excipients designed to
prevent fragile proteins from degrading or

aggregating.

These stabilizing agents introduce
additional safety risks, including potential
aggregation, immunogenicity risk,
viscosity, particulates, container closure
interactions, and stability if improperly
managed.

Establishing safety profiles and
rigorous control specifications for
these excipients is therefore a
delicate scientific undertaking.

Container closure systems add another
layer of complexity. Fill-finish is governed
by validated batch records, aseptic
processing controls, equipment recipes,
and automation standards such as ISA-88
where applicable.

Atmospheric pressure, sealing torque,
machine speed, and handling conditions
must be precisely calibrated.

A failure in these mechanical steps can
compromise batch stability, meaning
engineering tolerances must operate in
harmony with the biological sensitivities of
the drug product.
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Operations designed for the predictable
mechanics of synthetic chemistry are now
being asked to manage a compounding
mix of cellular, mechanical, and analytical
complexity.

The Myth of Linearity and the Cost of Tribal Silos

This complexity is exacerbated by the illusion of organizational linearity. Viewed from a
distance, or through the lens of a regulatory framework such as the eCTD, the process
appears structured. Module 3 presents a logical hierarchy, moving from the
nomenclature and structure of the drug substance through characterization, control of
excipients, and stability of the drug product.

eCTD Guidelines Represent a
Regulatory Ideal, not the Operational Reality

eCTD (Electronic Common Technical Document)

Admin Summaries Nonclinical Clinical

Module 1 Module 2 Module 3 Module 4 Module 5
Quality (CMC)

3.2.S — Drug Substance (API) 3.2.P — Drug Product
What you make (the active molecule) The finished dosage form
General Information Description & Composition
Nomenclature, structure, properties Formulation, excipients, strength
Manufacture Pharmaceutical Development
Manufacturer, process, controls Rationale for design choices (QbD)
Characterisation Manufacture
Structure elucidation, impurities Process description, batch formula
Control of Drug Substance Control of Excipients
Specifications, analytical methods Specs & tests for inactive ingredients

Zifc



3.2.S — Drug Substance (API)

3.2.P — Drug Product

What you make (the active molecule)

Reference Standards
Primary/working standards, CoA

Container Closure System
Packaging materials for APl storage

Stability
ICH-compliant shelf-life data

The finished dosage form

Control of Drug Product
Release & shelf-life specifications

Container Closure System
Primary packaging compatibility

Stability
Real-time & accelerated studies

Proving it works “at scale” = Process Validation + Batch Data
PPQ batches, in-process controls, CPV, tech transfer records (S.2 & P.3)

3.2.R — Regional info (US-specific): Batch analyses, executed batch records,
method validation reports

However, the eCTD guideline represents a
regulatory ideal, not the operational
reality. The daily reality is far less linear.
The various sections of the eCTD do not
map to a single department.

Process development, analytical
characterization, quality control,
manufacturing, and regulatory teams are
split across departments, systems, and
geographies.

This organizational separation creates
localized cultures where teams optimize
their own work with limited visibility into
downstream impact.

The most severe friction occurs at the
intersections of these silos. Consider a
highly advanced upstream fermentation
team working on a new biologic.

They may use real-time digital
instrumentation to monitor cellular growth
in bioreactors, capturing rich streaming
data.

But the moment they need offline
analytics to verify purity or structure,
digital continuity often ends. A physical
biological sample is handed to a separate
analytical testing group, perhaps in the
next building or on another continent.

When that sample changes hands, critical
contextual metadata often does not travel
with it. Upstream parameter variations,
environmental conditions, historical
manufacturability constraints, and
process context are stripped away. The
receiving analytical team is forced to
establish its own baselines and infer the
underlying conditions before beginning
specialized testing.
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Meanwhile, the upstream scientist team
waits. They cannot progress experiments,
optimize cell lines, or change parameters
until the analytical data returns.

This loop occurs repeatedly across a
process development lifecycle that can
span several years. It is not merely a
slow handoff; it is a breakdown of
shared knowledge.

If a unified digital architecture existed --
one where the analytical team could

instantly ingest the full contextual history
of the sample -- the feedback loop would

be far faster.

Instead, in an ironic twist, the
industry relies on a broken chain
of scientific context that
fractures the very understanding
of the drug they are trying to
make.

The Analog Anchor: Managing CMC with

1980s Administration

While biopharma discovery teams are
using GenAl, and in-silico modeling to
identify new targets, hits, pathways, large
parts of CMC remain trapped in an
outdated administrative paradigm.

The industry has achieved extraordinary
science in the laboratory but often
executes it through tools that cannot
support the complexity of modern
biological development.

It is still common to find leading
biopharma manufacturers relying heavily
on paper. A single biologics batch can
generate hundreds to thousands of
pages of batch records, deviations,
analytical reports, and supporting
evidence, often across hybrid paper and
electronic systems.

These records may be created in multiple
native languages -- from German to
Mandarin Chinese -- depending on the
global manufacturing footprint. Before
scientific insight can be extracted or
process optimization attempted, these
physical records must be manually
transcribed, translated, and digitized.

When the time arrives to
assemble the eCTD
submission, this analog anchor
creates an additional
bottleneck.

Zifc
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Dedicated data assembly teams must
hunt down fragmented information
across the organization. They locate
isolated analytical test slips, paper
records, PDFs, and Process Performance
Qualification reports generated by
different teams over several years.

A process that should be the automated
output of a digitally continuous lifecycle
becomes a hugely time-consuming effort
to aggregate the evidence into a format
acceptable for regulatory review.

Tech Transfer: A Fractured Lifecycle,

Not a Final Baton Pass

This fragmentation of data and
knowledge guarantees that technology
transfer is rarely a clean event. There is
a persistent misconception that tech
transfer is a final milestone — a baton
pass where a perfected recipe moves
from R&D to the commercial
manufacturing floor.

In reality, tech transfer is a
continuous knowledge lifecycle that
must occur across every stage gate
of development. Today, however, it is
often executed through brute force
rather than foresight.

Process development teams may spend
years optimizing a biological recipe in a
controlled pilot laboratory. Because
there is no digital continuity linking
early development to commercial
reality, scientists often operate without
visibility into the physical constraints of
the destination manufacturing site.

The consequences appear during
formal tech transfer. Manufacturing
teams initiate vendor selection or
engage a CMO, only to discover that
the receiving facility does not possess
the required equipment layout,
bioreactor scale, or downstream
purification capabilities.

The plant may not have the specific
centrifuge, pressure tolerance, or tank
configuration required by the
lab-developed process.

Instead of a seamless digital
handshake that translates a lab recipe
into a commercial batch record, teams
are pulled into email chains and
trial-and-error adaptation.

The manufacturing team and
development team must force-fit a
fragile biological process into an
imperfect commercial footprint.
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This can alter parameters and trigger
expensive re-validation loops to prove
that the modified process still produces
the same molecule.

If manufacturing constraints were
digitally visible from day one of process
development, scientists would be less
likely to design protocols that cannot
scale.

Instead, the absence of digital continuity

forces the organization backward in the
value chain.

SECTION 2

Because the infrastructure for
true technology transfer remains
limited, knowledge transfer still
relies heavily on people.

Biopharma organizations may fly
late-stage development scientists across
the globe to work with pilot plants or
external CMOs, manually training
manufacturing staff and translating
undocumented process nuances. This
physical handover alone can consume
many months of the commercialization
timeline.

The Cost of the CMC Pinch Point

If Section 1 explains how CMC became the
chokepoint, the next question is what that
chokepoint costs. The answer is measured
not only in delayed submissions and lost
revenue, but in patient access, scientific
productivity, and the failure of digital
investments to produce real operational
continuity. Scientists have mapped the
human genome, engineered bespoke
cellular therapies, and accelerated
early-stage clinical discovery.

Yet when scientific advances approach
commercialization, they are often slowed
by a financial and operational bottleneck.

Friction within CMC has moved from an
administrative hurdle to an
enterprise-level economic crisis.
Executives can no longer view process
development, analytical testing, and
technology transfer as cost centres or
regulatory necessities.

Zifc
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They are primary arbiters of commercial

viability. To understand the gravity of this
crisis, one must quantify the cost of delay.

Tufts Center for the Study of Drug
Development estimates that the value of
a day of lost or delayed prescription sales
is about $800,000, with daily
prescription sales for infectious,
hematologic, cardiovascular, and
gastrointestinal diseases among the
highest. This $800,000 daily burn rate
is only the baseline.

Average Daily Prescription Sales by Therapeutic Area

Source: Tufts CSDD

Top Therapeutic Mean Sales per Day Coefficient of Variation

Areas (millions, SUS 2023) around the Mean

Cardiovascular

Hematology

Immunology/Infectious diseases

Oncology

Inflammatory

Respiratory

Neurology/Psychiatric

Genitourinary/Sexual Function

Gastrointestinal

Musculoskeletal

$1.97 0.96
$1.89 1.08
$1.90 1.15
$1.50 1.25
$1.73 1.27
$1.71 1.21
$1.42 1.31
$1.56 1.29
$1.83 1.30
$1.63 1.27
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Revenue Index

The financial impact of CMC delay is
maghnified by the mechanics of the
patent cliff. For assets with fixed
exclusivity windows, launch delay can
compress the effective commercial
period and reduce recoverable peak-year
revenue, especially where competitive
entry or loss of exclusivity is time-bound.

Because maximum market penetration
and peak pricing power are often
achieved near the end of patent
exclusivity, a delay at the beginning of
the manufacturing lifecycle does not
simply push revenue to the right; it
permanently removes it.

A one-month delay in regulatory
submission or technology transfer can
mean losing thirty days of peak sales
years later, erasing tens of millions of
dollars in unrecoverable enterprise value.

When organizations accept inefficient,
multi-year baselines for process
development, they institutionalize
hundreds of millions of dollars in lost
opportunity.

The Economics of Delay — How CMC Friction

Vaporizes Peak Sales

[ Revenue Index (Peak = 100)
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Launch Ramp Yrs O0-2
S-curve adoption. Slow uptake
as prescribers build
confidence. Rate of change
accelerating but absolute
revenue still low.

\

Growth Yrs 3-5

Fastest absolute revenue
gains. Market penetration
accelerating. Highest positive
rate of change in the entire
lifecycle.

Plateau Yes 6-8

Growth slows but revenue is
high and stable. Maximum
pricing power. Rate of change
approaches zero.

Peak Exclusivity Yrs 9-10
Highest daily revenue of the
entire lifecycle. Full market
penetration. These are the
most commercially valuable
days.

Patent CIliff Yr 11-12
Revenue collapses 70-90%.
Generic entry triggers
near-immediate volume loss.
Rate of destruction dwarfs
any growth rate.

Residual Yr 13+

Branded product survives at
5-10% of peak, serving loyal
or specialist segments only.
Stable but commercially
minor.

Figure 2: Because patent expiry represents a fixed chronological cliff, launch delays do
not merely shift revenue timelines; they permanently truncate the area under the curve,

destroying peak market potential and lifetime asset value.

The Human Toll: When Time Equals Survival

Revenue erosion is only one dimension
of the CMC blockade. The ultimate cost
of operational friction is paid by the
patient. The modern biopharma pipeline
is increasingly dominated by targeted
therapies, oncology treatments, and
advanced cell and gene therapies.

For these patient populations,
time is measured not only in
financial quarters, but in

survival.

Consider the promise of personalized
medicine. The industry is moving
toward shorter vein-to-vein times,
with some next-generation models
targeting one- to two-week
turnaround, although current
commercial timelines are often longer.

Yet this life-saving “vein-to-vein”
velocity is difficult to achieve at scale
when manufacturing processes are

governed by analog handoffs and
disconnected systems. Current

operational friction also makes scaling

these therapies economically difficult.
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When the production cost of a single advanced therapeutic dose goes to, say,
$300,000, the promise of the science remains inaccessible to many patients.

To expand market access and treat complex diseases effectively, the industry cannot

rely on legacy infrastructure. Commercialization speed is therefore a moral
imperative as much as a financial one.

The “Data Janitor” Epidemic

Beyond delayed launches and stranded They manually extract numbers from

capital, the CMC bottleneck disconnected instruments, match
misallocates one of the industry’s most sample IDs across databases,
valuable assets: scientific talent. cross-reference systems, and format

reports for regulatory review.

Biopharma organizations recruit highly
specialized scientists, only to reduce a
significant portion of their work to
administrative labor. This is the
epidemic of the “Data Janitor.”

When an analytical chemist must

decipher a handwritten batch record
simply to establish a testing baseline,
the organization is misallocating elite

expertise.
Current operational analyses By trapping scientists in data janitorial
indicate that PhD-level bench work, companies limit their own capacity
scientists spend between 30% for process optimization and future

and 40% of their working hours BEEIIS eV o

on data cleanup.

Instead of optimizing yields, refining
biological kinetics, or improving process
understanding, they act as human
Application Program Interface (API)
integrations.

Zifc
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Table 3: The Anatomy of CMC Frictional Costs:
Visible vs. Hidden Erosion

Cost Category

The Operational Trigger

The Enterprise Impact

Top-Line Sluggish baseline tech $800,000 daily burn rate;
Revenue transfers and manual permanent truncation of peak
Extinction regulatory dossier sales at patent expiry, vaporizing
(The Visible Cost) assemblies extending tens of millions in lifetime value.
launch timelines.
The "Data Fragmented informatics 30% to 40% of elite
Janitor” Penalty and paper batch intellectual capital completely
(The Hidden records forcing PhD wasted on manual transcription
Cost) scientists to act as and data reconciliation instead
human APl integrations. of process optimization.
Stranded Facility fit mismatches Massive physical plants and
Manufacturing and undocumented specialized commercial floor
Capital (The process parameters staff sitting entirely idle;

Hidden Cost)

discovered late during
commercial tech
transfer.

millions consumed in
unplanned re-validation loops.

The Human &
Scalability Toll
(The Strategic
Cost)

Attempting to force
complex, living modalities
(Cell & Gene Therapies)
through legacy, manual
workflows.

Vein-to-vein velocities stall;
per-dose manufacturing costs
remain unsustainably high
(e.g., $300,000+), severely
restricting global patient
access.
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The Informatics Paradox: Digitizing the Dysfunction

One might assume that modern IT
systems and laboratory informatics
would have solved this administrative
drag. In many CMC environments,
however, the informatics landscape has
become more of a constraint than an
enabler.

When biopharma organizations
modernize CMC infrastructure, they
often fall into the trap of “digitizing the

paper.”

Rather than rethinking the scientific
process around a connected data
ecosystem, teams deploy software that
mimics manual workflows.

If a legacy process was
inefficient on a clipboard, the
new system often reproduces
the same inefficiency on a
screen.

Historically, much of this informatics
investment has been driven by
retrospective regulatory compliance
rather than scientific innovation.
Systems are deployed as digital filing
cabinets to satisfy auditors.

Many tools are after-thoughts: legacy
laboratory systems repurposed from
preclinical research or basic quality
control environments and then pushed
into the dynamic world of commercial
process development.

The root cause lies in how these systems
are designed. Software teams often
approach bench scientists with a
logical-sounding request: “Tell us your
current process, and we will build a
system to run it.” But in a volatile,
iterative process development
environment, that method can be
limiting.

By taking a static snapshot of today’s
workflow and hardcoding it into
software architecture, IT does not
enable science; it cements the status
quo.

Once deployed, the system can become
a digital straitjacket. If a scientist needs
to pivot an experiment, change a
biological parameter, or adapt to a new
variable, the software may block the
change because it deviates from the
hardcoded, approved path.

The system is engineered to enforce
process conformity, not scientific
adaptability. In trying to standardize
work, the industry has often
engineered flexibility out of the
scientific method.

Zifc




The lllusion of Digital Transformation

Because these informatics systems lack
interoperability and enforce rigid
conformity, scientists often resist them.
Paper persists because it is flexible at
point of work, even though it creates
downstream data integrity, reuse, and
traceability limitations.

On a physical page, a researcher can
sketch a diagram, annotate an anomaly,
or connect disparate observations
without restriction.

When rigid systems force non-linear
biological experiments into drop-down
menus and prescribed workflows, they
can hinder the very process they were
meant to support.

Frustrated scientists revert to
paper for the actual work and
interact with the system later to
satisfy compliance
requirements.

This creates a facade of digital
transformation. Large global
organizations may reach the critical
milestone of technology transfer and still
attempt to scale a commercial drug using
unstructured emails, slide decks, and

scanned handwritten batch records
spanning multiple languages.

In some modernized facilities, the
ultimate record of a complex batch is
still a photograph of paper uploaded
into a repository.

The industry’s instinct when faced with
an operational crisis is to seek an
off-the-shelf technological cure. When
launch timelines slip and the daily burn
rate sets in, the boardroom reflex is
often to buy another platform.

But CMC friction cannot be solved by
bolting modern software onto
antiquated workflows. There is no
silver-bullet system that can untangle
decades of technical debt, localized
cultures, and fragmented informatics.

Executives are not dealing with a clean
whiteboard. They are managing
entrenched brownfield environments
where friction is already systemic.
When the mandate is to reduce CMC
cycle times by 40%, optimizing
individual legacy steps will not be
enough.

The question is no longer about a
ten-year digital utopia. It is immediate
and practical: what must be done to
stop the bleeding today, while
engineering a future capable of
step-change acceleration?
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(SECTION3)
The Future-State Model:

If the first two sections describe how CMC became the bottleneck and what that
bottleneck costs, the answer is not another point solution or another digitized
workflow. It is a scientist-centered CMC operating model: one that liberates trapped
evidence, connects high-value data flows, rewires DMTA around context continuity,
orchestrates the scientist experience, scales scientific intelligence, and makes
technology transfer continuous by design.

Adapting Zifo’s Proprietary Delivery Process
(Now, Next, Future)

The Scientist-Centered CMC Model has six reinforcing moves:

Now Next Future

1. Liberate trapped 2. Connect critical 3. Rewire DMTA

20

evidence — use Al to
extract, digitize, and
structure batch
records, Certificates
of Analysis, PDFs,
analytical reports,
and legacy test
evidence.

data choke points —
prioritize targeted
integrations across
instruments, ELN,
LIMS, inventory,
analytics, and
reporting instead of
attempting a
monolithic laboratory
integration.

around context
continuity -- move
from linear
Design—-Make-Test-A
nalyze handoffs to a
connected,
retrievable scientific
loop where context
travels with every
sample, result, and
decision.
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Now Next

Future

4. Orchestrate the scientist
experience — create a central
Orchestration Hub that adapts to
the scientist’s workflow rather
than forcing scientists into rigid,
system-defined paths.

5. Scale scientific intelligence —
deploy Scientific Language
Models trained on proprietary
CMC data to improve process
prediction, reduce failed
experiments, and support better
parameter selection.

6. Institutionalize handoff by
design — make technology
transfer a continuous knowledge
flow generated throughout the
lifecycle, not a late-stage manual
event.

Immediate Triage:

Stopping the Administrative Haemorrhage

Before an organization can orchestrate
macro-level transformation, it must first
halt the practices that actively worsen
the CMC bottleneck. The ultimate goal is
a scientific operating model built for
speed and adaptability, but the ground
reality begins with a large historical data
swamp. Immediate pain relief requires
tactical, non-negotiable steps focused on
high-value data aggregation and
liberation.

The enterprise is overflowing with
unstructured legacy data locked in
fragmented formats: non-standard
vendor files, handwritten batch records,
PDFs, Certificates of Analysis, analytical
reports, and isolated test records. The
manual effort required to aggregate this
information routinely slows technology
transfer and regulatory dossier
compilation.
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The most effective immediate intervention
is the deployment of Al to rapidly ingest,
digitize, and structure these legacy
documents. By automating extraction from
historical batch records and related
evidence, organizations can accelerate the
creation of structured regulatory outputs
and reduce the delay caused by manual
consolidation.

At the same time, organizations must
execute targeted, use-case-driven
integrations. A common failure mode in
digital transformation is attempting to
integrate the entire laboratory landscape
at once.

Instead, the enterprise should
focus on specific, high-value
data choke points.

Analytical teams, for example, often
spend significant time manually
aggregating data for formulation
reporting or chromatography results.
By focusing integration efforts on
these critical paths, organizations
establish the early building blocks of a
Scientific Data Foundation -- ensuring
that data becomes FAIR: Findable,
Accessible, Interoperable, and
Reusable, at the point of creation
“FAIR AT SOURCE".

Addressing the Elephant in the Room:

4

The DMTA Doom Loop

Once the immediate bleeding is
addressed through targeted
data liberation, the organization
must pivot to the actual cure.
That cure requires dismantling
the broken operating rhythm at
the center of biopharma
development: the Design, Make,
Test, Analyse (DMTA) cycle.

Analyse

\
Test

Figure 3: The DMTA Cycle — siloed
tribalism at each stage often leads to bad
outcomes.

N
€
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To understand why the broader CMC macro-structure fails, one must examine the
micro-engine driving it every day. Today, the industry often executes DMTA not as a
continuous loop of scientific discovery, but as a fractured, linear baton-pass. The
scientific process becomes a sequential march where agility is constrained by

systems, handoffs, and lost context.

The Reality - A fractured, linear baton-pass

Make

v

Test

A single task detours through 4-5 disconnected Uls — spreadsheets, ELN,
LIMS, instruments, warehouses - stripping context at every hop.

Analyse

THE DOOM LOOP: Blind Restart & Rework

Figure 4: The DMTA cycle is intended to be a seamless loop of continuous optimization.
Instead, fragmented legacy infrastructure contorts it into an operational “doom loop.” A
severed digital chain of custody traps scientists in blind handoffs, forcing them to
manually reconstruct data context at every stage.

In the legacy operational reality, a scientist
designs a protocol in one system,
transcribes it into a spreadsheet, logs it
into an ELN or LIMS, extracts inventory
data into another spreadsheet, runs the
instrument, and then moves raw telemetry
back into yet another spreadsheet. Finally,
the data is pushed into a warehouse for
analysis.

A single scientific task may
require four or five different user
interfaces from different vendors.
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More critically, this linear model
fractures the vital fifth step of the
cycle: retrieval. Because the digital
ecosystem is disjointed, historical
knowledge is often invisible. This
broken retrieval mechanism
contributes to reproducibility
challenges, where scientists restart
workflows because prior organizational
data cannot be found, trusted, or
reused. The linear DMTA model creates
blind repetition and increases the risk
that late-stage technology transfer will
trigger re-validation loops.
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Broken DMTA Engine = Failed User Experience

At the core of this broken DMTA engine To transform CMC, the
is a failure of user experience. The enterprise must rethink

biopharma industry has often scientific user experience.
engineered IT ecosystems to satisfy

retrospective compliance and data
architecture needs, while making the
scientist’s daily workflow more difficult.

Digital Lab Example C @
N ' N

Data Data Analysis

@j Warehouse

‘ Sample T =

Inventory<—‘ > >
- +—

Historian Server l T Electronic Lab Sample
4 Notebook (ELN) Registration

{é}s

Business Process ‘

‘ > W

<

Model Notation

- //// \\\\ //// \\\\ /// \\\
/

H—A0 — = — O — [V [— ) — [
\ 4 H T \ / \! 4
N _ SN L \ . T3

~—__" |

_—
Cedex HiRes Ambr250® Tecan Evo Cedex Bio HT
Cell Counter Bioreactor Liquid Handler Analyzer

Figure 5: A sprawling, disconnected ecosystem of instruments, ELNs, and inventory
systems that forces scientists to manually shuttle data between silos.

Reimagining Scientist
User Experience: The Orchestration Hub

Following extensive interviews with bench scientists, GMP manufacturing teams,
and digital team stakeholders, Zifo experts identified a clear mandate: the
underlying architecture and process flow must be reimagined.
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To eradicate the CMC
bottleneck, an architectural
reversal is required: the system
must adapt dynamically to the
scientist, not the other way
around.

Reimagining the scientist user
experience (UX)means abandoning
bloated templates in favor of small,
modular, adaptable functional
components. The scientist requires a
digital canvas that supports the
immediate workflow while adapting as
experimental demands evolve.

In the reimagined state, the scientist’s
digital life does not begin by logging into

an existing scientific informatics platform.

It begins in a central Orchestration Hub.
The hub becomes the primary interface
for the laboratory.

When a scientist begins the day;, it
connects to project management
systems and surfaces required tasks.
From there, the researcher describes the
work they intend to do.

The hub seamlessly reaches into
functional components, retrieving
inventory data, equipment availability,
and historical parameters without forcing
the scientist to hunt for information.

Critically, the Orchestration Hub should
not replace validated systems of record
such as ELN, LIMS, MES, CDS, SDMS, or
QMS.

It should operate as a governed
experience and orchestration layer, using
approved APls, event streams, metadata
services, identity controls, and
audit-aware workflow patterns to
connect work across existing systems. In
the short term, systems of record can
remain authoritative to help with GxP
and validation concerns.

Once the setup is complete, the
Orchestration Hub connects to the
instrumentation landscape, including
automated robotics, collects physical
telemetry, and brings it back into the
ecosystem.

Critically, the scientist does
not have to construct the data
model.

The system pushes structured, FAIR data
into the analytical layer automatically.
The researcher executes the science,
while the digital environment structures
the data continuum in the background.

Zifc
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Collate results, assess run

parameters, record deviations,
Q b v C ‘ normalise time series data
M A
« o

Data
Analysis N
Real-time <4 > | A
Analysis with NS~
Extract sample Power Bl ELN L
i : Publisher Scientific
properties, assign Platform (ELN)

sampling identifiers,

create genealogy, E N
register samples 4 t
LIMS

Sample .
Registrztion Publisher Excel Output External

(LIMS) Orchestration with Copilot File Output
> Hub
CUSTOMBIOTECH SARTORILS ﬁ % ®TECAN. “CUSTOMBIOTECH

Cell Counter Data Bioreactor Data Liquid Data Metabolite
Wrangler Wrangler Handler Wrangler Analyzer

Normalise, align and contextualise Cell counts, Viability, VCD, TCD, Average
diameter, Titre, Osmolarity, Metabolite Concentration, Partial Pressure, pH

Figure 6: A centralized ecosystem anchored by an Orchestration Hub that eliminates
manual data shuttling. Automated data wranglers normalize instrument telemetry in real
time and route unified data to LIMS, ELNs, and analytical dashboards.

Freeing Up Science: DMTA Reimagined

Once this frictionless user experience is established, the enterprise can reconstruct
the DMTA engine. The goal is no longer marginal optimization; it is to break the
linear constraints of the traditional workflow. DMTA must evolve from a sequential
chain of handoffs into a continuous, hyper-connected network.
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Figure 7: The reimagined DMTA
architecture transforms linear
workflows into an Al-driven,
hyper-connected network,
replacing blind handoffs with data
fluidity.

e
N

A scientist should not be forced through every stage gate if it is scientifically
unnecessary. If contextual data already exists in the foundational layer, the researcher
can move directly from Design to Testing. Alternatively, they can move from Analysis into
wet-lab execution because the underlying knowledge base is already contextualized and
available. This fluidity breaks the linear delay of the traditional value chain and allows
scientists to navigate the lifecycle as the biological problem demands.

Table 4: Legacy vs Reimagined State of DMTA

DMTA Phase The Legacy Trap The Reimagined State
(Linear Baton-Pass) (Adaptive Network)

Design Occurs in a vacuum; Informed by historical
scientists are blind to telemetry; guided by
downstream automated "Facility Fit"
commercial equipment constraints on day one.

constraints.

Make Manual execution of Seamless streaming of
rigid templates; real-time biological
telemetry is isolated in data directly into the
local instrument hard Orchestration Hub.
drives.
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DMTA Phase

The Legacy Trap

(Linear Baton-Pass)

The Reimagined State
(Adaptive Network)

Test

Analyze

Retrieval

Physical samples arrive
without context;
analysts are forced to
reinvent testing
baselines.

Forensic archaeology;
PhDs spend weeks
manually stitching
together disparate
spreadsheets.

Broken; historical data
is buried, triggering the
industry's massive
“reproducibility crisis."

Context travels with
the sample; analytical
systems automatically
ingest upstream
parameters.

Predictive insights;
data is structured
automatically, allowing
for real-time
experimental pivots.

Omnipresent;
conversational
dashboards instantly
surface forgotten data
and forgotten
protocols.

Table 4: What does the Al stack look like?

Different types of Al and where they can be potentially used to reduce the CMC
timelines, along with accompanying risks and respective controls.

Al capability

Document Al
/] OCR/
extraction

Use in CMC

Extract data from Medium

batch records,
CoAs, PDFs

Risk level

Required
controls

Human review,
confidence
thresholds, audit
trail
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Required

Al capability Use in CMC Risk level
controls
Retrieval- Find prior studies, Medium Source citation,
augmented Al deviations, access control, no
methods, process unsupported
history claims
Generative Draft tech-transfer Medium/ Human approval,
Summarisation packs, investigation High versioning, source
summaries traceability
Predictive ML Yield, impurity, High Model validation,
stability, process monitoring, drift
trend prediction detection
Mechanistic / Process High Scientific
Hybrid Models understanding, validation, domain
scale-up support review, uncertainty
bounds
Workflow Task routing, Medium/ Permissioning,
Agents checklist High approval gates, no
completion, uncontrolled
metadata capture execution
Autonomous Directly changing Very High Avoid initially; only
Control MES/instrument under strict
parameters validated control

strategy

29
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From Generic LLMs to Scientific Language Models

This interconnected architecture changes how insight is generated. While the
broader technology sector is focused on generic Large Language Models (LLMs),
these tools are insufficient for the high stakes demands of process development.

A generic LLM cannot be
trusted to dictate the exact
parameters required to
maximize the yield of a
proprietary biologic.

Instead, the enterprise must deploy
Scientific (Small) Language Models
(ScLM). An ScLM is trained on the
proprietary parameters of a specific cell
line, process, or biological modality.
Operating on top of an Al-ready,
structured data foundation, the ScLM
has the contextual rigor required to
navigate complex biological models.

A ScLM is not a general-purpose
chatbot. In this context, it refers to a
governed Al decision-support pattern
combining domain-adapted language
models, retrieval over validated CMC
evidence, structured process data,
scientific ontologies, and where
appropriate mechanistic or statistical
models.

Its role is to retrieve, summarise,
compare, explain, and propose
options — not to autonomously set
regulated process conditions.

The impact can be significant. An ScLM
can suggest optimized process
parameters before a physical protocol
is finalized, potentially reducing the
number of physical experiments
required to achieve a viable outcome.
In advanced bioprocessing, a single
bioreactor run can take up to three
weeks.

If an initial design is flawed because
historical visibility is poor, a scientist
may run three sequential experiments,
losing nine weeks of enterprise time and
expensive biological consumables.

By predicting better parameters before
physical resources are consumed, the
enterprise can reclaim launch runway
and reduce cost.
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Table 5: The Advantage of Scientific Language
Model Over Generic LLM

Generic LLM Broad, Basic Low/Moderate.
(Baseline) internet-trained administrative Automates
neural networks structuring; standard
(e.g., standard drafting administrative
ChatGPT, Gemini, generic tasks but cannot
Claude. enterprise compliance safely predict
copilots). reports or biological
summarizing outcomes.
public
literature.
Scientific Highly Recommending  Massive. Targets
Language contextualized and proposing should be set by
Model (ScLM) models grounded candidate use case, e.g.,
(The Target) in proprietary CMC parameter 10-20% reduction
data, curated ranges for in manual
scientific scientist evidence
knowledge, and review, assembly, 15-30%
validated process supported by faster investigation
context.. provenance, triage, or fewer
uncertainty, repeat
and prior experiments where
evidence; comparable
exact. historical data
exists.
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Handoff by Design:
Eradicating the Tech Transfer Chasm

This intelligent ecosystem directly addresses the friction of technology transfer. In the
legacy state, downstream teams may wait months to receive process definitions from
upstream groups. A vital analytical input can remain stalled for weeks because
departmental systems and data flows are disconnected.

In the reimagined network, technology transfer occurs implicitly as “handoff by design.”
Because the Orchestration Hub persistently captures raw data, structures contextual
metadata, and enriches process definitions throughout the DMTA cycle, the necessary
documentation is generated in real time. The handoff between laboratory and
commercial floor becomes far faster, reducing the linear delays that historically slow the
CMC value chain.

Al Cybersecurity and OT

Any orchestration architecture must be secure-by-design, particularly where lab
automation, manufacturing systems, and proprietary CMC data are involved.

The model should enforce zero-trust identity, role-based and attribute-based access,
network segmentation between IT and OT zones, encrypted data movement, secure API

gateways, audit logging, and strict controls on model access to sensitive process data.

So for example, a simple checklist starts with:

@ @ @ @

No direct Approval gates Isolation of Al Cybersecurity
uncontrolled for execution, services from validation
write-back to control systems, before scale-up
instruments or

MES
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Scaling the Model in Brownfield Reality:

Hyper-Agile Methodology

Visionary architecture and orchestration
hubs are ineffective if the enterprise
cannot execute the transition. The
biopharma landscape is full of failed
digital initiatives. Transforming a
brownfield environment into a
continuous scientific ecosystem requires
confronting organizational and cultural
friction.

Transformation efforts are
often slowed by the uneasy
relationship between
scientific business units
and digital IT teams.

Digital teams, shaped by the failures of
monolithic deployments, fear making
incorrect architectural decisions.
Business units operate in guarded silos,
where instrument integration, data
modeling, and workflow design are
managed by disconnected teams on
separate sprint cycles.

A single use case — such as aggregating
LIMS, ELN, and instrument data into a
centralized data lake — can require
navigating bureaucratic roadblocks.

Cross-functional planning often fails
because teams are not aligned on data
models, workflow priorities, or integration
logic. To overcome this paralysis, the
enterprise must abandon bloated,
multi-year deployment cycles. If an
organization takes six to nine months
to deliver one operational upgrade, the
initiative risks becoming irrelevant
before it reaches the laboratory floor.

Execution must shift to a hyper-agile
methodology. The standard should
compress the path from business
conversation to design, prototyping, UX
mapping, development, and active
testing into days, not months.

By delivering rapid, localized impact
through targeted lighthouse projects, the
enterprise can prove value quickly and
bypass traditional project inertia.

When leadership empowers scientists
with advanced tooling and removes
bureaucratic delays, internal
innovation accelerates.

Given the right environments,
researchers can develop models, agents,
and automated workflows natively,
instead of waiting eighteen months for an
external software vendor to define their
capabilities.
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In regulated environments, each capability must be classified by intended use and GxP
impact. Al extraction, orchestration, and recommendation services should operate under
a risk-based computer system assurance model, with validated workflows, human
review, audit trails, version control, model monitoring, and change-control mechanisms.

The target is not autonomous release or unsupervised parameter setting, but controlled
decision support with traceable evidence.

The Hyper-Agile Mandate

Execution
Dimension

The Legacy IT
Approach (The

Blueprint for Failure)

The Hyper-Agile
Mandate (The Path to
Velocity)

Deployment
Timeline

Process
Mapping

Cross-Functional
Alignment

34

Multi-year monolithic
rollouts; software is
obsolete by the time it
reaches the lab floor.

Digitizing the paper;
hardcoding every
legacy inefficiency into
rigid, bloated digital
templates.

Disconnected sprint
cycles; IT, data
modelling, and
scientists operate in

deeply adversarial silos.

1-to-3-day sprints; from
initial business
conversation to active
prototyping and
targeted "lighthouse"
deployment.

Delivering a "blank
canvas" Orchestration
Hub; allowing the system
to adapt dynamically to
the scientist's daily
workflow.

Unified data lakes;
shared data products,
clear ownership,
semantic standards,
and cross-functional
governance reduce
handoff friction.
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Execution
Dimension

The Legacy IT
Approach (The

The Hyper-Agile
Mandate (The Path to
Velocity)

Blueprint for Failure)

Static, one-time
training seminars
deployed months after
a confusing software
rollout.

Change
Management

Al-driven organizational
evolution; continuous,
in-workflow coaching
that identifies and
resolves user friction

in real-time.

Table 5: The hyper-agile mandate.

The revolution requires a joint CMC-IT-Quality operating model, not an IT-led platform
rollout. Scientific product owners should define value priorities, IT should govern
architecture and security, Quality should define validation expectations, and data
stewards should own metadata quality and semantic alignment.

Various roles should be considered:

o1 02 03 04 05

CMC Product IT Platform Quality/CSV/ Data Product Domain Data
Owner Owner CSA Lead Owners Stewards
06 o7 08 09 10

Al Model Cybersecurity Scientific User Site Adoption Scientific
Governance Architect Experience Leads Data
Board Designer Architect
1" 12

Scientific Enterprise

Business Architecture

Analyst Review
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Al-Driven Organizational Evolution

Rapid technological execution must be
paired with continuous organizational
development. Change management can
no longer be limited to static training
sessions delivered months after a
software launch. The scale of this
transformation requires real-time
observation and intervention.

To support the future state,
the enterprise must also
deploy Al-driven
organizational development
environments capable of
monitoring workflows.

As researchers interact with the
Orchestration Hub, Al can observe
adoption patterns in real time.

If a scientist struggles to execute a
workflow, the system can identify
whether the friction stems from a
technology gap, scientific
misunderstanding, or data limitation.

. It can then deliver contextual coaching
directly within the workflow. This allows
the enterprise to evolve continuously and
prevents pockets of resistance from
slowing the broader transformation.
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The Strategic Ultimatum

The era of treating CMC inefficiencies as an unavoidable cost of doing business is
over. Incremental improvements — localized Lean Six Sigma initiatives, isolated LIMS
upgrades, or standalone reporting modules — cannot solve a systemic CMC crisis.

If 40% Cycle-Time Reduction Sounds Impossible,

What Must be True?

Today’s Inherited Assumption Provocative Replacement

Tech transfer is a late-stage
handoff

Scientists reconstruct
context manually

Compliance systems
define the workflow

Data is cleaned after the fact

Historical evidence is
searched manually

Al drafts generic summaries

Digital programmes take years

Tech transfer is generated
continuously from day one

Context travels automatically
with sample, method, batch,
and result

Scientific decisions define the
workflow; systems support them

FAIR metadata is captured
at source

Prior studies, deviations, methods,
and batch history are retrievable
by design

Al supports bounded,
evidence-grounded scientific
decisions

Lighthouse workflows prove value in
weeks, then scale under governance
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The cost of the operational blockade is
too high for piecemeal software
deployments and administrative fixes.

To deliver life-altering therapies faster,
and to reduce the daily loss of enterprise
value, the industry must stop iterating on
broken foundations.

Biopharma organizations must reimagine
CMC unburdened by legacy constraints,
deploy technology that adapts to the
scientist, and view the entire CMC value
chain as a digitally unified ecosystem.

For too long, the industry has accepted
the CMC chokepoint between
early-stage innovation and commercial
launch as an immutable feature of drug
development cycle.

It is time to stop treating it as
permanent and begin the work
of clearing the channel.

By abandoning the failed status quo and
embracing an interconnected scientific
architecture, the enterprise can
transform this bottleneck into a
high-velocity thoroughfare.
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Science led, people driven, technology centered.

Zifo is the leading global enabler of Al and data driven
enterprise informatics for science driven organizations. With
extensive solutions and services expertise spanning research,
development, manufacturing, and clinical domains, we serve a
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the partner of choice for advancing digital scientific innovation.
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i,

Ao

Download Digital Copy @

zifo.com

© Zifo 2026. All rights reserved.




