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Introduction

For successful and cost-effective production of biopharmaceuticals via cell culture processes, 
accurate scaling is a critical aspect. Cell culture scaling involves transferring an upstream 
bioprocess from one size of bioreactor to another so includes scale-up, as well as scale-down. 
Scale-up is when a process is being developed in bioprocess mimics using smaller, easy-to-
handle volumes (typically 10 mL-250 mL) with the goal of developing a process that can be 
utilized for commercial manufacturing at larger scales. Scale-down is used to troubleshoot 
large scale manufacturing for process characterization of changes in critical process parameters 
(CPPs) that are affecting product quality attributes (PQAs). 

Getting upstream scale-up right is one of the most significant challenges in scaling as 
the cost of delaying process transfer can be significant. One study estimates that with a 
biopharmaceutical of $1 billion annual sales this can be as much as $80 million for every month 
lost during technology transfer from bioreactor to bioreactor (1). The expenses incurred are 
from the media, reagents, and staff resources needed to re-run a process, which can come in 
at hundreds of thousands of dollars at the 2000 L scale (2). Also lost are the opportunity costs 
when a biopharmaceutical or vaccine is not available for clinical trials or patient use and can 
result in preventable loss of life. Thus, being able to accurately scale-up a cell culture process in 
a timely manner is vital. 

However, many bioprocess scientists observe that when they transfer a process from one 
bioreactor scale to another, they see unexpected changes. One study describes that these are 
in key process indicators (KPIs), such as viable cell concentration (VCC), viable cell volume (VCV) 
or biomass, cell diameter, and product titre (3). 

Therefore, process analytical technology (PAT) that can accurately measure KPIs and is also 
scalable need to be used alongside bioreactors, to allow on/in-line measurements with 
feedback loops that are not dependent on manual measurements offline. Scalable PAT 
systems are a vital piece of the scaling puzzle. They ensure that a process can be monitored 
and measured in the same way throughout scale-up and scale-down, so that like-for-like data 
are being compared, which is critical for consistency, productivity, and regulatory compliance. 
In terms of scale-up, this can result in upstream processes that can be rapidly transferred 
through different scales often with as few as three scale-up steps (4), ensuring a more cost-
effective process transfer.

This article explores the successful application and scalability of capacitance-based PAT to 
measure biomass and VCC. It also explains how capacitance can be directly utilized as a KPI for 
scaling from small-scale bioprocess mimics through to commercial Current Good Manufacturing 
Practice (cGMP) bioreactor production platforms, with a focus on process comparability, cost-
effectiveness, and seamless technology transfer.
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Measuring KPIs in real-time for  
scaling success

Developed in the 1980s by scientists at the University of Aberystwyth (5), since the 1990s, 
capacitance measurement technologies have been used to monitor KPIs such as biomass and 
VCC across R&D, process development, and cGMP operations. They have been used world-
wide in biopharmaceutical companies, as well as contract development and manufacturing 
organizations (CDMOs) to assess the success of upstream bioprocess scaling strategies. Among 
these, ABER Instruments’ (ABER) capacitance-sensors are regarded as an accurate, consistent, 
real-time, in-line PAT method to monitor KPIs during scaling with various cell lines, including the 
Chinese hamster ovary (CHO) cell line, the industry workhorse (6, 7). 

ABER’s capacitance technology is founded on dielectric spectroscopy, which measures the 
permittivity or capacitance of cell suspensions across a range of frequencies (5). Cells that 
are viable have intact membranes which function like capacitors when exposed to an electric 
field, making it possible to distinguish live cells from dead ones and debris (Figure 1). Therefore, 
capacitance measurements reflect VCC and biomass, as well as the electrical properties of a 
cell membrane.

Typically, when using ABER’s sensors, capacitance is measured at one or two frequencies and 
plotted against time to obtain the growth profile of a culture. Raw capacitance data is being 
used directly by biopharmaceutical companies such as Biogen as a KPI to monitor CHO cultures 

Figure 1 Live cells within an electrical field acting as capacitors.
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because studies indicate it can be used for successful scaling (8,9). However, during scaling 
experiments, bioprocess scientists often convert raw capacitance data to VCC in cells/mL as 
a KPI because it can help validate the technology against a reference gold standard method. 
Also, many control strategies for scaling are based on off-line cell measurements of VCC as a 
KPI so when using an in-line method of cell measurement such as capacitance, scientists prefer 
converting back to VCC as a KPI in situ and in real-time during scaling runs. 

Scalable technology range 
When scaling cell culture biopharmaceutical production, consistent VCC profiles are essential for 
process development and maintaining PQAs. ABER’s capacitance technology delivers a scale-
independent signal that correlates directly with VCC and viable biomass and is unaffected by 
sampling volume or vessel geometry. 

Additionally, ABER’s technology is versatile as it is available in a range of reusable and single-
use (SU) sizes that can be used with scale-down bioreactor mimics such as the Ambr® 250 
through to benchtop glass vessels, SU rocking motion (RM) bioreactors and larger SU and 
stainless-steel stirred tank reactors (STRs). ABER’s larger, sterilizable sensors (the FUTURA 
platform) support pilot- and commercial-scale manufacturing ranging from 5 L to 20,000 L and 
beyond and can be used in stainless-steel bioreactors from all major life science suppliers. 
Additionally, SU technology which is fully integrated into SU bioreactors from small scale 
up to 2000 L (Figure 2), such as the BioPAT® ViaMass (Sartorius) and FUTURA neotf (Thermo 
Fisher Scientific), has been available through collaborations with ABER since 2013 and 2021, 
respectively (10, 11).

The true value of capacitance technology lies in its scalability. Crucially, all of ABER’s sensors 
operate on the same measurement principle and signal processing algorithm, facilitating a high 
degree of process comparability across scales. Reusable and SU sensors produce comparable 
results due to similar electric field geometry and the use of picofarads (pF)/cm as their 
measurement unit. 

The scale-independent nature and versatility of ABER’s sensor technology range has meant 
that it has been used in numerous studies (some of which are detailed in this article) across 
multiple scales, different bioreactor types and different geographies, where it has produced 
comparable, reproducible data across scales.

Figure 3 ABER FUTURA neo capacitance sensor
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Scalability across different  
bioreactor types
In one study (12), researchers monitored biomass in CHO cell cultures over a 17-day period using 
capacitance measurements with the BioPAT® Viamass sensor in various Sartorius bioreactors, 
including the BIOSTAT® RM 50, RM 200, STR 50, STR 200, and STR 1000. The results (Figures 3 
and 4) demonstrated consistent capacitance readings across these different bioreactor types 
and scales. This suggests that capacitance can reliably track cell growth regardless of agitation 
method, supporting its use in scaling strategies and process transfers across a range of 
bioprocessing platforms.

Figure 3: Capacitance measurements from BIOSTAT® RM 50, BIOSTAT® RM 200,  
BIOSTAT® STR 50, BIOSTAT® STR 200 and BIOSTAT® STR 1000 bioreactors using  
BioPAT® Viamass sensors (Data Courtesy of Sartorius, Germany)
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Scalability to commercial manufacturing

In a further study (13), the scalability and transferability of the capacitance measurement from 
benchtop scale to commercial scale SU bioreactors up to 2000L was investigated. Capacitance 
data from on-line BioPAT® Viamass was used to construct a linear regression capacitance 
model measured at a single frequency from CHO cells cultured over 12 days in STR bioreactors 
from 5 L, (Univessel®) through BIOSTAT® STR 50 L and 200 L to 2,000 L (Figure 5). With an R2 
value of 0.99 during the exponential growth phase (up to 20 × 106 cells/mL) this indicates 
correlation between scales, thus showing accurate transferability and scalability between 
benchtop scale (5 L) through to cGMP commercial manufacturing. 

Figure 4: Capacitance measurements from BIOSTAT® STR 50, BIOSTAT® STR 200  
and BIOSTAT® STR 1000 bioreactors using BioPAT® Viamass sensors (Data Courtesy 
of Sartorius, Germany)
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Additionally, biopharmaceutical company Biogen uses raw capacitance as a KPI when scaling 
because their research (8) using capacitance to monitor CHO cultures in bench scale (5L), pilot 
scale (200 L and 315 L) and manufacturing scale (15000 L) bioreactors has demonstrated that 
there was high correlation between capacitance and VCC data in the exponential phase from 
sensor to sensor across all bioreactor types and scales. This high reproducibility of capacitance 
data seen in multiple manufacturing runs, indicates that it can be used as a scalable PAT tool 
for industrial process scale-up operations and could support lot-to-lot comparability. 

Since 2016, Biogen has utilized capacitance measurements, comparing them with at-line and 
off-line methods. During the exponential growth phase, capacitance demonstrated a strong 
correlation with off-line VCC measurements, achieving an R² value close to 1. Based on this 
strong correlation, Biogen adopted capacitance measurement as the gold standard for process 
control in its cGMP facilities in 2019.

Scale compatibility with bioreactor mimics

As biopharmaceutical manufacturers transition from development to large-scale production, 
maintaining process comparability while minimizing cost and risk becomes paramount. 
Therefore, bioreactor mimics with volumes of less than 1 L that can be used with capacitance 
sensors to predict how processes will behave at larger scales are an essential part of the 
scaling chain. This ensures data continuity from development to manufacturing, which is critical 
for Quality by Design (QbD) initiatives and regulatory filing.

Figure 5: Linear regression model of capacitance and VCC of CHO cells cultured  
over 12 days in bioreactor scales from 5 L to 2,000 L (reproduced with kind permission 
from Sartorius). 
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With the integration of the SU BioPAT® ViaMass into the Sartorius Ambr® 250 high throughput 
generation 2 bioreactors in 2025 (14), fully automated scale-down model development for 
process characterization and QbD studies is now possible using capacitance directly or to 
monitor KPIs. Seamless scale-up of fed-batch and perfusion cell culture using capacitance for 
real-time, high-resolution monitoring of VCCs as a KPI from 100-250 mL up to 2000 L is also 
now a reality. 

This consistency across scales enables simplified technology transfer with minimal recalibration 
or revalidation requirements when scaling processes across sites or volumes. It also allows 
robust process control by enabling real-time biomass feedback for feed strategy optimization 
and early detection of process deviations.

Why use capacitance in scaling?

As well as having a scalable range of sensors, ABER’s capacitance monitoring technology offers 
significant advantages over traditional at-line or off-line methods of measuring VCC such as 
trypan blue exclusion or flow cytometry for scaling experiments. This is because at-line and 
off-line measurements involve sampling which reduces the volume in the bioreactor and means 
that samples can only be taken at 12–24-hour intervals. These methods therefore cannot 
produce a detailed fingerprint of the process or help to provide timely data for feedback to 
control the process.

Capacitance however can provide continuous, non-invasive, and scale-independent monitoring. 
Using ABER’s FUTURA sensor, for example, enables scientists to acquire a measurement of the 
culture every few seconds. This allows the generation of a detailed fingerprint of CPPs and KPIs 
that can be used for automated feedback control for activities such as triggering inoculation or 
precise administering of feed to cells without any invasive cell sampling for at-line or off-line 
analytics which could risk contaminating the bioreactor.

Multiple studies have shown a good linear correlation between capacitance and at-line or 
off-line analytics across scales from 250 mL to 15,000 Additionally, for accurate scale transfer, 
ABER’s reusable and SU capacitance sensors have been shown to produce comparable results. 
In one study (16) for example, the VCC of cells was monitored over 2-weeks with a reusable 
sensor and an SU FUTURA sensor (both from ABER) alongside in-line measurements with a 
Vi-cell cell viability analyzer (Beckman Coulter). The results (Figure 6) showed almost identical 
growth curve data from both ABER sensors and to the off-line measurements up to the peak 
cell concentration on day 6 indicating that capacitance monitoring can be used across different 
scales of SU and reusable bioreactors. 
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In another study (17), a 50 L SU bioreactor (Thermo Fisher Scientific) containing both a SU 
FUTURA Neo sensor and a reusable FUTURA annular sensor was used to monitor capacitance 
of a fed-batch CHO culture over 15 days. The results (Figure 7) showed good correlation of 
capacitance with minimal variance of up to 2%. This demonstrates there is no significant drift 
between the different sensor types again indicating that there is no need for recalibration 
between scale transitions.

Figure 6: Comparison of ABER’s at-line reusable and SU sensors and in-line methods of 
measuring VCC.
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Figure 7: Comparison of capacitance data from FUTURA Neo sensor and a reusable 
FUTURA annular sensor both monitoring the same CHO culture. 
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One application for capacitance data in scaling is the generation of a capacitance fingerprint  
for the ‘golden’ batch which can be compared with the capacitance trend during scaling.  
This can help trigger an automated or manual response to control the feed of nutrients  
and/or complex nutrients, as well as troubleshooting when the CPPs and KPIs begin to  
behave outside of acceptable process specifications. Correcting process deviations quickly  
when scaling-up can maintain an expensive production batch while the run is in progress,  
thus saving time and resources. 

A major benefit of using ABER’s capacitance technology for monitoring VCC at different  
scales is the option of utilizing a range of communication protocols to transfer data at different 
scales to different end points. Scientists can use a computer or a controller because ABER’s 
wide communication portfolio, includes USB, analogue and various digital protocols, which 
means scalability is even more seamless.

Conclusions

The successful development and commercialization of biopharmaceuticals depend heavily  
on the ability to scale upstream processes accurately, consistently, and cost-effectively.  
As demonstrated throughout this article, capacitance-based PAT sensors offer a robust, 
scalable solution for real-time monitoring of KPIs. Unlike traditional at-line or off-line  
methods, capacitance enables continuous, non-invasive measurement with high temporal 
resolution, supporting advanced yet flexible control strategies and reducing risks associated 
with scale transitions.

As bioprocessing moves toward automation, real-time analytics, and digital twins, ABER’s 
capacitance sensors stand out as a foundational PAT tool for VCC and viable biomass 
monitoring. Their integration into both SU and reusable bioreactors from leading suppliers 
ensures broad applicability across platforms and geographies. Moreover, their demonstrated 
compatibility with high-throughput systems such as the Ambr® 250 allows early-stage 
process characterization and their proven scalability from bioreactor mimics through to cGMP 
manufacturing enables high comparability, cost savings, and low-risk process transfer.

Studies cited in this article illustrate how capacitance provides more precise process control, 
minimizes scale-up failures, and facilitates technology transfer with minimal recalibration. In 
an era of increasing process intensification and continuous bioprocessing, ABER’s capacitance 
sensors deliver data-rich process insights to support automated feed strategies and quickly 
correct any process deviations enabling consistent product quality. For scientists navigating the 
complex path from bench to bedside, harnessing this technology offers potential commercial 
advantage especially when scaling up manufacturing of their biopharmaceuticals.
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