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The Future of Biopharmaceuticals is more complex than Mabs
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1. Advanced Biologics

• Bispecific antibodies

• Antibody–drug conjugates (ADCs)

• Nanobodies / single-domain 
antibodies

• Engineered cytokines & immune-
modulators

2. Cell-based Therapies

• CAR-T cell therapy

• TCR-engineered T cells

• NK cell therapies (natural killer cells)

• Stem cell–based therapies

3. Gene-based Therapies

• AAV-based gene therapies

• Lentiviral gene therapies

• Non-viral gene delivery systems

• Gene editing therapies

4. RNA-based Therapeutics

• mRNA vaccines

• mRNA-based protein replacement 
therapies

• siRNA

• ASOs

• Circular RNA

5. Protein Degradation & 
Modulation

• Proteolysis-targeting chimeras

• Molecular glues

• Lysosome-targeting chimeras

6. Microbiome-based 
Therapeutics

• Live biotherapeutics

• Postbiotics / metabolite-based 
interventions

7. Next-Generation Delivery 
Modalities

• Lipid nanoparticles for nucleic acids

• Exosome-based delivery

• Polymeric carriers & smart 
biomaterials



Business challenges and needs to succeed in the race – or just to survive…
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• Master Product Life Cycle

• Predictive and compensatory 
control strategies 

• Process intensification

• Continuous processing

• Predictive technology transfer / 
into clinics

• Robust processes lead to higher 
probability of success

• Unknown and more quality 
attributes

• Inherent  raw / starting material 
quality

Master 
complexity 
of products

Speed up 
time to 
market

De-risk 
batch 
failure

Reduce 
COGS



Knowledge & Wisdom is the new oil
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Only 
knowledge can 
be transferred 

Create platform 
knowledge to 

achieve synergies 
between sites, 

scales and products

Manage 
Knowledge

• Ontologies

• AI, LMM et al.

• Models



Data – Information - Knowledge
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Knowledge management: a “systematic approach to acquiring, storing, and disseminating information related to 
products, manufacturing processes, and components.” (ICH Q10)



Quality by Design - Process understanding & Control strategy
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Unit operations

CPPs

CMAs
CQAs

Process understanding 

& Control strategy

CMA = critical material attribute

CPP = critical process parameter

CQA = critical quality attribute



Current Quality by Design Approach –
From data to information to knowledge and control
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Process

Analytical

technology

Scalable

process

understanding

Optimized

& predictive

control

CONTROL

Capture

& implement

digital twins



Dynamic ModellingStatic/DoE Modelling

Why Modelling? The trajectory matters!
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Time SeriesTabular

Simulation 

What if?

Optimization

What is optimal?

Control 

What should I do?

Information

Data

Use Case Prediction

What will happen?



Model Credibility
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Trust
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TRUST



ASME V&V 40 risk-informed credibility assessment framework

Verification, Validation and
Uncertainty Quantification
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Validation: the process 

of determining the 

degree to which a 

model or a simulation 

is an accurate 

representation of the 

real world

Is the model 

uncertainty smaller 

then the required 

acceptance for the 

context of use?



205,760 L Methane

643 unhappy cows

Commercial Production

322 to 429 hectares land

Technology

1. Hogan, J., Shaw, I., Berry, P., & Australian Bureau of Agricultural and Resource Economics. (2004). A review of the Australian dairy industry. In ABARE eReport 04.24. Australian Bureau of Agricultural and Resource Economics. https://www.accc.gov.au/system/files/public-
registers/documents/D05%2B17526.pdf

2. Craig Thomas, Michigan State University Extension. (2011b, April 5). Drinking water for dairy cattle: Part 1. MSU Extension. https://www.canr.msu.edu/news/drinking_water_for_dairy_cattle_part_1

The Protein Alternative

85% less CO 2

98% less land, 4,000 L Tank

75% less water

Output

32M L water

0 cows

Independent from milk price and 

supply fluctuations.

Highly dependent on external 

factors like inflations, climate, etc.

1

2

133 tons

β-Casein 

per Annum



The unbeatable advantage of continuous processing
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Batch to batch variability: time 
point of harvest impacts load on 

downstream 
= lower yield, more assets

Fed-batch Continuous ProductionVS

Product 
titer

cq [g/l]

Specific
productivity

qp [g/g/h]

Biomass
concentration

cx [g/l]

SIP/Prep Batch Fed-Batch Production CIP
SIP/Prep Batch Fed-Batch Production CIP

Productive Period e.g. 8 h

Batch Cycle time e.g. 3 days

Time Time

Productive Period e.g. 30 days

Batch Cycle time e.g. 32 days

OEE (Overall Equipment 
Effectiveness)11% 94%



Intensified & Continuous Integrated Processing

Roger F. Sherwood Article of the Year, ISPE
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Population Analysis by
Online Flow Cytometry

Does an online FCM enable to monitor the drop in productivity?

Can we gain more knowledge about populations with specific staining??
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Population Analysis by
Online Flow Cytometry

Batch Induced Chemostat Starvation

High dynamics in subpopulations lead to decrease in productivity… 
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Keep reactors small 
• Avoid mixing inhomogeneity, which may occur at more than 20 m3 scale

Yet achieve high productivity and allow full scalability
• Switch to continuous processing, which achieves >15 x higher productivities than fed-batch processes

Keep product quality constant and efficiency high
• Steady-state conditions along the complete process chain

• Avoid complete unit operations, achieve optimum economy

Main rationales for establishing a competitive & scalable technology



...for economical and scalable production of heterologous proteins

Key Elements...
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Continuous Production Digitalization Control
Integrated Continuous Bio-
manufacturing as the core 

basis for economic and 
ecological competitive 

advantages

Holistic understanding and 
control strategies of single unit 

operations and complete 
process chain

Robust and optimum 
productivity with listening to 

the happiness of the cells

Prediction

Holistic KPI

t



MIMO System: Multiple Input, Multiple Output Optimization Problem

Highly correlated system: Infinite combination of experimental setups can yield the same result





INPUTS

For optimization, multiple inputs are required
to change at the same time: NON OBVIOUS Adjustments

OUTPUTS



How to achieve process robustness
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pH

Temp

Reduction of OOS results

Increased space-time yield

Increased reproducability

Sustainability

Decrease cost of goods



What needs to be optimized?
All outputs (responses) at the same time
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PID

Process KPI

t

Feed A

Glucose

Aggregrates

Growth rate

etc.

Feed B

Temp

pH

etc.
MIMO - 

DT

Process KPIs

t



Real-time estimation using Digital Twin Observers

Digital 

Twin



Real-Time Estimation capabilities of difficult to measure KPIs
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Real time model-guided methodology to estimate initial conditions / raw 
material uncertainty
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Real time fed-batch process monitoring of biomass specific rates 

Offline measured rates

Online estimated rates

State estimation using 

particle filtering enables real 

process robustness despite 

raw material uncertainty



MIMO (Multiple Input Multiple Output) System
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Lot A

Lot B

Lot C



Prediction Capabilities
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What needs to be optimized?
All outputs (responses) at the end of the process (DS)
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PID

Process KPI

t

A

Feed A

Glucose

Aggregrates

Growth rate

etc.

Feed B

Temp

pH

etc.
MIMO - 

DT

Process KPIs

t

B

MPC - DT

Prediction

Process KPIs

Holistic KPI

t

C

Productivity

Yield



Digital Twin Based
Advanced Control using Model Predictive Control
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Kager, J., et al. (2019) , Ulonska, S, et al. (2018). Ulonska, S., et al. (2018).



End-to-End Digital Twin as a Framework
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PPs

input

CMA

CQAs

KPIs ?



End-to-End Digital Twin as a Framework
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Ordinary Least-Squares

(e.g. via DoE)

Linear Mixed Model Hybrid and AI ModelsMechanistic Models
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AI

Real Time Application of End to End Digital Twins in Manufacturing

pH

Cond.

Temp.

RPM

Flow

Cond.

pH

Cond.

Final Yield

Final Quality

20%

60%

30%

70%

50%

80%

70%

95%

7/2/2026 347/2/2026 34



Multi-Input, Multi-Output & Multi UO Optimization Problem

End-to-End Digital Twins as Recommender Systems in Manufacturing

35End-to-End Models & PI-AI – BPI 2025, Kyoto – Copyright © 2025 Körber AG or its affiliates. All rights reserved. 



Data Maturity Model
Maturity Models

Level 5

Adaptive plant

Maturity level

Level 1 

Predigital plant

Level 2

Digital silos

Level 3

Connected plant

Level 4 

Predictive plant

B
u
s
in

e
s
s
 V

a
lu

e

Industry 3.0 towards Industry 4.0 Development path

What does happen?

“Seeing“

What will happen?

“Being prepared“

BioPhorum
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How can autonomous 

reaction take place?

“Self-optimizing“





Holistic Data Management: Challenges with data analysis

Lots of data source
Multiple/heterogeneous formats

Siloed / Decentralized Storage

Manual process

Transfer





What is digital transformation?



Data Sources
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Data Sources
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Data should be available from multiple dimensions

QualityTime 

series 
Spectra Images 

U
n

it
 o

p
e

ra
ti

o
n

s

Bio process

R&D
Process validation

Scale up

Tech transfer
Manufacturing

All the batches
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Conclusions
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Control Options:
End-to-End Digital Twin: Predictive control along the process chain
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PID
MIMO - 

DT

MPC - DT

Prediction

MPC - DT

Prediction

SSbD KPI2nd Gen FS

Process KPIs

Process KPIs

Holistic KPIHolistic KPI

Process KPI

E2E - DT
Prediction

2nd Gen FS

Holistic KPI

t

t

t
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C D
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Methodological success factors
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Intelligent & digitalized holistic continuous process control by

• Holistic data management

• Holistic design of experiments to 
gather holistic process understanding

• Formulation of process understanding and
its capture in digital twins

• Control inside of the process understanding to 
achieve the right product quality and optimum KPIs

• Establish life cycle capability
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Revolutionizing protein biomanufacturing as a first vertical

Series B

FLEXIBLE INPUT

Fast growing, safe and natural 

bacterial strains

Flexibility to use regional agrifood

side-streams

PROPRIETARY FERMENTATION

Industrial-scale continuous fermentation with 

lower CAPEX and COGS.

PREMIUM FOOD & FEED

Nutritious protein

full amino acid profile, proven palatability 

and digestibility.

~95% lower footprint

than conventional products and a lower 

water footprint

10x more productivity (grams / litre / hour)

vs. gas fermentation or mycoprotein.

Bacterial strains

Agrifood side-streams

MarketEconomicsTechnology
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