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Overview

The rapidly evolving biologics industry is driven by the need for higher productivity, cost efficiency, and reduced facility footprints. Traditional 
fed-batch processes have reliably produced therapeutic proteins but face limitations in meeting growing market demands. Commonly explored 
intensification strategies include N-1 perfusion, full perfusion at production scale, and concentrated fed-batch processes. While each offers 
advantages, they also come with increased complexity, capital investment, or marginal gains.

In response, we developed an integrated upstream intensification strategy that combined high cell density cell banks, optimized seed train 
perfusion, and a fortified concentrated fed-batch process. This approach synergized the strengths of various intensification methods while 
minimizing their drawbacks, delivering significant productivity improvements, and maintaining product quality.

Challenge

Industry-standard approaches to intensification typically involve trade-offs. Traditional fed-batch processes offer moderate titers (~4–6 g/L) and 
monthly outputs around 40-50 kg using 4 x 2kL reactors. Full-scale perfusion production boosts productivity further but demands substantial 
capital investment and staffing resources. N-1 perfusion can shorten seed train duration and modestly increase titer, but it introduces a slightly 
high media consumption and increases operational complexity. Concentrated fed-batch processes improve titers but require more media than 
N-1 perfusion (Figure 1). Each approach offered incremental gains—but also came with trade-offs in cost, complexity, or scale-up risk. So, the 
choice of intensification is very important to get a meaningful outcome.

The challenge was to design an upstream intensification platform that achieves the productivity benefits of advanced perfusion systems 
without excessive complexity or capital expenditure, while ensuring appropriate product quality.

Aragen’s Approach

To accelerate the overall bioprocess timeline while maintaining cell quality and productivity, a streamlined and intensified seed train and 
production strategy was implemented. The process (Figure 2) began with the CSPR screening at shake flaks to identify best condition to achieve 
a higher viable cell density at shake flask, establishment of high cell density cell banks (30–70 million cells/mL) to provide a robust foundation 
for seed expansion. Subsequently, N-1 perfusion was performed using a perfusion device, enabling rapid expansion of viable cell numbers. 
Upon reaching the desired cell density, N stage production-scale bioreactor was directly inoculated from the N-1 stage, bypassing intermediate 
bioreactor steps to streamline the workflow.

Figure 1: Comparison of upstream process intensification scenarios, illustrating traditional fed-batch bioprocessing alongside advanced approaches 
such as N-1 intensification and perfusion-enabled strategies. 

Fed batch

4 X 2KL (~1300sqm)

6 batches/month with 
3*2KL Production 

bioreactors 

5g/L titer + 72% DSP 
recovery 

Output/ batch: 7.2Kg

~43kg/month output
with DSP TAT of 5 days.

N-1
Perfusion

4 X 2KL (~1300sqm)

Intensified seed@ 200L 
and Prod. BR at 2KL scale.

~8 batches/mo.
@ 3*2KL Prod. BRs.

~5g/L titer with 9 days cycle 
time + 72% DSP recovery

Output/ batch: 7.2Kg

~58kg/month with 
Intensified Downstream 

TAT of 3.5 days.

N-Perfusion

8 suites (~170 sqm/suite)

1 batch/suite of 200L. 
7-8 suites ≈ 3-4 X 2KL 

fed-batch suite 

2.3g/L/day Avg.  
productivity for 15 + 1 

day till harvest.  
72% downstream 

recovery  
Output/ batch: ~7.5Kg.

For 8 suites, 
~60kg/month.

N-
concentrated

Fed batch

4 X 2KL (~1300sqm)

5 batches/month with 
3*2KL Production 

bioreactors

9.3g/L titer + 72% DSP 
recovery  

Output/ batch: 13.4Kg

~67kg/month output
with DSP TAT of 5 days.

Initial 
CAPEX

Media & 
Consumables

Media & 
Consumables

Media & 
Consumables

Media & 
Consumables

Manpower Manpower Manpower Manpower

Initial 
CAPEX

Initial 
CAPEX

Initial 
CAPEX

Upstream Process Intensification Scenarios



Transforming Biologics Manufacturing Through Smart Upstream Process Intensification  |  3

To further optimize scale-up, traditional intermediate-scale bioreactors could be replaced with perfusion-enabled Wave bioreactors at the 
seed stage, simplifying process logistics and reduce Cost of Goods Sold (COGS).

At Aragen, for process intensification, a concentrated fed-batch approach has been chosen to reduce the operation complexity and betterment 
of COGS. In this process a 50 kDa hollow fibre membrane has been used to retain monoclonal antibodies and allowing only waste metabolites 
to be removed from the system while ensuing the continuous addition of fresh nutrients. 

Fresh media addition rate was adjusted in such a way that it helps to increases the cell mass. The primary objective was to get a higher a 
viable cell density (VCD) of > 100 million cells/mL in a short period. Once the viable cell density reaches >100 million cells/mL, 75% culture 
is harvested and purified up to Protein A, followed by LPT and intermediate depth filtration steps. At this stage, spent media analysis should 
also be performed to understand the key media component depletion trends of key media components. At Aragen, a robust spent media 
analysis method has been developed, which can identify 85 components divided into seven categories: amino acid, acids, vitamins, amino acid 
derivatives, nucleotides, nucleosides, choline-related components, and others. 

A fresh media top-up will then be performed with the remaining 25% culture to achieve the final VCD in a range of 25-30 million cells/mL. The 
perfusion rate will be adjusted to maintain a VCD between 50-60 million cells/mL, providing greater operational flexibility using a single-use 
bioreactor. At this stage, spent medium analysis data should be leveraged to fortify the media with required amino acids, reducing media 
consumption while maintaining optimum nutrient levels.

Figure 2: Process intensification workflow. 

CSPR Screening

Carried out at SF scale 
to evaluate CSPR 

20,30,40 & 50.

N-1 Perfusion

Carried out at 2L SUB 
using perfusion device

Concentrated 
Fed-batch with 

Forti�cation
Carried out at 2L Glass 

BR using perfusion 
device, 50 KDa

High-Density 
Cell Bank

Carried out using 2mL 
vial (conc. 30-70 
million cells/mL).

Concentrate Fed-batch

Carried out at 2L Glass 
BR using ATF 2, 50KDa 

membrane

4

53

2

1

Process Intensification Workflow



4  | Transforming Biologics Manufacturing Through Smart Upstream Process Intensification

Outcomes

The intensification strategy combined high cell density cell banks, N-1 perfusion, concentrated fed-batch, and targeted media fortification to 
enhance productivity and efficiency without compromising product quality or increasing complexity.

•	 Cell-Specific Perfusion Rate (CSPR) Screening: From the CSPR screening at shale flask scale, it is observed that 20-30 (pL/cell/day) 
CSPR is the best fit for the process (Figure 3). This understanding is helpful to determine the optimal perfusion rate at N-1 and N stage.

Figure 3: Cell-Specific Perfusion Rate (CSPR) screening at shale flask scale. CSPR between 20-30 (pL/cell/day) was idle for this process.



Transforming Biologics Manufacturing Through Smart Upstream Process Intensification  |  5

•	 High Seed Density Cell Bank (HSDCB): Simultaneously, a high-density cell bank is prepared in regular cryovials at a maximum 
concentration of 70 million cells/mL. The thaw viability and the post-thaw doubling time of the HSDCB have been evaluated, and results 
indicate excellent recovery and robust cell growth in subsequent passages (Figure 4).

•	 Seed Train and Perfusion: HSDCB reduced seed train time by 30–40%. By combining the HSDCB and N-1 perfusion, at N-1 stage reached 
~40 million cells/mL by Day 5 (Figure 5).
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Figure 4: Doubling time and thaw viability across High Seed Density (HSD) conditions. Bars show doubling time (hrs); orange 
diamonds indicate thaw viability (%).

Figure 5: Vessel Volume Per Day (VVD) and Viable Cell Concentration (VCC) for N-1 perfusion process.
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•	 Concentrated Fed-Batch Performance: At first with higher VVD, cell densities up to 124 million cells/mL and titer of 12 g/L by Day 11 
(Figure 6A) were achieved with stable productivity (qP ~20 PCD) (Figure 6B).

•	 Media Fortification: Once the VCD reached to 124 million cells/mL, 75% of the broth was harvested. The remaining 25% was reinitiated 
with fresh media, starting at an initial viable cell density of 28 million cells/mL. The perfusion media was fortified to maintain the required 
amino acids to support the cell growth. Targeted nutrient supplementation sustained an average cell density of 45 million cells/mL and 
boosted titers to 15 g/L by Day 10 at low media usage (VVD 0.7), while maintaining consistent productivity (qP ~40 PCD) (Figure 7).

Figure 6: Volumetric Exchange Rate (VVD) and Viable Cell Concentration (VCC) for concentrated fed-batch process (A) and specific 
productivity (qp in pg/cell/day) (B).
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Figure 7: Volumetric Exchange Rate (VVD), Viable Cell Concentration (VCC) and titre (in g/L) for concentrated fed-batch with perfusion 
media fortification process (A) and specific productivity (qp in pg/cell/day) (B).
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•	 N-Stage Intensification: Cumulative titres reached 27 g/L (>3× traditional fed-batch) (Figure 8A); daily productivity increased to 1.3 g/L/
day. Using this approach at 4x2kL bioreactors monthly output can be achieved ~140 kg (Figure 8B).

•	 Product Quality: Glycan profiles and post-translational modifications remained consistent with biosimilar standards, ensuring 
regulatory compliance (Figure 9).

This approach delivered a threefold increase in titer and production capacity while maintaining cell viability and product quality, all without 
the higher costs of full perfusion systems.

Figure 8: N-stage intensification with intermediate harvests resulted in a threefold increase in titer, achieving a cumulative 
productivity of 27 g/L by day 21 (A) Bar graph comparing titers (g/L/day) of three processes-traditional fed batch (nFB), High Seed 
Density (HSD) and Intensified Fed Batch (iFB) (B).

A B

0

5

10

15

20

25

30

4 5 6 7 8 9 10 12 15 17 18 21

Ti
te

r(
g/

L)

Day

N-stage Intensification 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

nFB HSD iFB

Ti
te

r (
g/

L)

Process

nFB Vs HSD Vs iFB

>3X titer
improvement

Figure 9: Glycan profile comparison across biosimilars and intensified fed-batch samples.
Blue bars represent Biosimilars 1–3, and red bars represent Fed-batch samples (Days 9, 11, 19, and 21), compared across GOF, Total 
Galactosylation, and Terminal Glc-Nac categories. The glycan profiles show strong consistency, with aligned GOF levels, acceptable 
variation in galactosylation, and matched Glc-Nac levels, confirming structural and functional comparability.
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Conclusion

By integrating high-density cell banking, optimized perfusion seed trains, and fortified concentrated fed-batch culture, our 
approach takes upstream process intensification beyond traditional methods. This strategy allows biologics manufacturers to 
achieve much higher product titres and monthly output, all while keeping complexity and costs manageable.

Our results demonstrate a practical and scalable pathway for next-generation biologics manufacturing—one that balances 
productivity, quality, and cost efficiency. Importantly, this approach can be implemented without large-scale perfusion facilities, 
helping manufacturers meet growing global demand, use resources more efficiently, and maintain regulatory compliance.
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