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EXECUTIVE SUMMARY

This study shows how automated vessel sampling can strengthen AAV process development by
generating more consistent, high-quality data while reducing manual work. In a platform with eight
250 mL bioreactors, Numera® automated sampling, dilution, and transfer to on-line, at-line, and
off-line analytical systems. Across three Design of Experiments campaigns, 672 samples were col-
lected, representing about three times the estimated manual sampling capacity and supporting
evaluation of key parameters including temperature, pH, glucose and lactate setpoints, DNA-to-
cellratio, and cell line.

Automated and manual sampling gave comparable viability results, while integrated analytics en-
abled monitoring of metabolism, cell growth, transfection efficiency, viral productivity, and quality.
The setup also integrated Numera® with Lucullus® Nova Biomedical BioProfile® FLEX2, cell count-
ers, and HORIBA Aqualog® A-TEEM spectroscopy. Iterative DoE refinement improved AAV critical
quality attributes, while A-TEEM data supported early predictive models for transfection efficiency
and viral titer.

Overall, the study shows how automated sampling, digital integration, and model-informed experi-
mentation can accelerate AAV process optimization, improve process understanding, strengthen
data traceability, and create a robust new foundation for future monitoring, analytics, and control
strategies.

MODEL-INFORMED DESIGN OF EXPERIMENTS FOR
AAV PRODUCTION PROCESS OPTIMIZATION

Achievements

Established an integrated bioprocess development ecosystem
across 8 parallel bioreactors, Numera®, Flex2®, cell counters, and
Aqualog®

Tripled sampling throughput compared to manual workflows

Enabled predictive monitoring of transfection efficiency and viral
titer using A-TEEM analytics

Improved AAV productivity and CQAs through iterative model-in-
formed DoE optimization
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INTRODUCTION

Recombinant adeno-associated viruses (rAAVs) are among the most important tools to deliver ge-
netic material in vivo to targeted cells. The high vector doses required for systemic administration
have highlighted the limitations of current rAAV manufacturing processes, particularly in terms of
scalability and productivity (Li & Samulski, 2020). The manufacturing strategies employed in ap-
proved AAV gene therapies are mainly based on two platforms: the domain’s gold standard HEK293
transient transfection system, and the large-scale Sf9 insect cell-baculovirus expression system.

The conventional HEK293 platform offers operational flexibility but is limited in scalability, produc-
tivity, stability, quality, and cost-effectiveness(Chahal et al., 2014; Fu et al., 2023). On the contrary,
the Sf9 system is highly scalable but poses challenges in product quality control (Rumachik et al.,
2020). The HEK293-based AAV production platformis currently used in most clinical and commer-
cial applications. Numerous limitations have been overcome, such as the transition from adherent
to suspension-adapted HEK293 cells and the implementation of high-cell-density fed-batch and
perfusion processes, which increased volumetric productivity. Despite these advances, key bot-
tlenecks remain in achieving consistent full-to-empty capsid ratios, minimizing non-vector DNA
packaging, and ensuring robust scalability across different vector designs(Charan et al., 2025; Mol-
davskii et al., 2025; Woods, 2024).

Addressing these remaining challenges will require not only innovations in molecular and cellular
engineering but also a fundamental improvement in process understanding and hence, the quality
and density of process data generated during upstream development. A critical bottleneck in
HEK293-based AAV manufacturing is the limited availability of process insights resulting from
low-frequency sampling, fragmented process data, and conventional PAT strategies. Manual sam-
plingintroduces temporal inconsistencies and operator-dependent variability, increases the risk of
contamination, and, most importantly, restricts real-time process monitoring and control. Over-
coming these limitations may uncover critical links between process conditions and product qual-
ity attributes and contribute to the development of more efficient AAV production platforms.

Automated sampling enables high-frequency, reproducible, and precisely time-stamped data ac-
quisition throughout the entire bioprocess. In the context of AAV production, this capability is par-
ticularly valuable given the dynamic nature of HEK293 fed-batch and perfusion cultures, where cell
density, viability, and metabolite concentrations evolve continuously and cannot be fully captured
through low-frequency manual sampling. Beyond improving data quality, automated sampling sup-
ports the generation of structured, high-density datasets that are well suited for advanced statis-
tical analyses and machine learning applications. As model-informed process development be-
comes increasingly adopted in biopharmaceutical manufacturing, the availability of accurate,
contextualized, and consistent process data is essential for building robust predictive models and
accelerating process optimization across different vector designs and manufacturing scales.In
this context, Numera® provides an automated, standardized sampling workflow that improves data
integrity, reduces operator burden, enables more reliable process characterization, and facilitates
real-time data-driven decision-making throughout AAV process development.
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AAV PRODUCTION OPTIMIZATION PLATFORM

To optimize AAV production at scale, a dedicated platform was built around two Eppendorf DASbox®
systems, each running four 250 mL bioreactors, accounting for eight bioreactors in total, all moni-
tored in parallel.

Managing sampling across a system of this size would typically have meant manual intervention at
every vessel, multiplying both hands-on time and the risk of inconsistency between runs. Numera®
eliminated that bottleneck: a single autosampler was connected to all eight bioreactors, automating
both sampling and sample dilution across the entire platform.

From there, Numera® routed each sample where it was needed. Samples destined for manual analy-
sis were delivered to a temperature-controlled collection station, preserving sample integrity until
they were ready for testing. Instead, samples for automated analysis were sent directly to a cell
counter, metabolite analyzer, or A-TEEM system. This arrangement demonstrates how Numera® can
adapt to different sample management requirements and integrate with numerous third-party devic-
es.

Digital integration
Automated sample routing

Manual sample transfer

Figure 1: AAV Production Optimization Platform for amodel-informed Design of Experiments(DoE)approach, including automated sam-
pling, on-line, off-line and at-line analytics. Numera®was used to automatically collect, process, and transfer samples to a set of analyz-
ers, while Lucullus®orchestrated the entire ecosystem and managed data exchange and feedback control.

MULTIVARIATE DESIGN OF EXPERIMENT

Rather than testing one variable at a time, the study was structured around a Design of Experiments
(DoE) study built on Latin Hypercube Sampling, a method that efficiently distributes runs across a
multidimensional design space while minimizing the total number of experiments needed. The re-
sults of the DoE were incorporated into a hybrid bioprocess model developed by DataHow, which was
used to design the next Dok (if you are interested in more details on this part, please read AN024
Lucullus® for Real-Time Process Control, CQA Modelling, and Design of Experiments: A Case Study in
AAV Production. This iterative workflow was repeated over three DoE campaigns.
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This approach made it possible to evaluate six parameters simultaneously and assess theirimpact on
AAV productivity:

« Post-transfection temperature
« Pre-and post-transfection pH
« Timing of the pH shift

« Glucose and lactate setpoints
« Plasmid DNA:cell ratio

« Cellline

To capture the full picture, bioprocess, metabolite, and cell growth profiles were continuously moni-
tored throughout each run, complemented by analytical characterization to evaluate both the quality
and quantity of viral production.

Culture conditions

Dissolved oxygen was held constant at 40%. Post-transfection pH and temperature were adjusted
according to each experimental run's design point.Temperature was explored acrossabroad range,
from 30°C to 37.5°C, allowing the platform to capture the full effect of post-transfection tempera-
ture on productivity. pH was varied between 6.6 and 7.3, with the timing of the pH shift itself tested
across awindow of 0 to 20 hours post-transfection.

Sampling Throughput
Over the course of three Design of Experiment studies, Numera® collected 672 samples and dis-
tributed them as described in the following table:

Total samples: Numera® transferred the samples to:

168 Nova Biomedical BioProfile® FLEX2

168 Cell Counter

168 HORIBA Agualog® A-TEEM spectrophotometer
168 Sample collector (for at-line or off-line analysis)

As areference, the estimated customer’s manual sampling capacity over an equivalent campaign
duration would have allowed to collect 216 samples. This means that Numera® tripled the custom-
er's sampling capacity (Figure 2).

Figure 2: Comparison of the number of samples that is possible to collect with a conventional manual approach and with Numera® across
three experiments of seven days each.
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Metabolic Profiles

Glucose, Lactate, Glutamine, and Ammonia were regularly checked with different analyzers: in-line
Raman and on-line BioProfile® FLEXZ2.

Glucose feeding was controlled in real-time by an Endress+Hauser Rxn2 Raman Analyzer integrat-
ed with Lucullus®. The feeding control logic was based on a Proportional-Integral-Derivative (PID)
controller and a chemometric model (please read the AN024 Lucullus® for Real-Time Process Con-
trol, COA Modelling, and Design of Experiments: A Case Study in AAV Production to learn more about
this).

Glucose and Lactate levels depend on the PID control and the applied chemometric model, while
Glutamine and Ammonia profiles highlighted the metabolic differences between the two evaluated
celllines(Figure 3).

Figure 3: Timeseries describing the metabolic profile of the experimental runs. Eachline represent one vessels or experimental condi-
tioninaDoE experiment. Samples were automatically collected by Numera®and transferred to the Nova Biomedical BioProfile® FLEX2.
Three experiments of seven days at customer’s site.

Cell Growth

Viable cell density (VCD) and viability were tracked using both on-line and off-line integrated cell
counters, giving continuous visibility into culture health throughout each run. In Figure 4, the viabil-
ity obtained from manual and automated samples was compared across different dilution levels.

Figure 4: Left: Comparison of viability measurements obtained from automated and manual sampling showed no significant differences.
Comparable viability values were observed for both undiluted and diluted samples. Right: Bland-Altman analysis comparing viability
quantification on automated and manual sampling. The automated measurements showed an average bias of -2.13% against the manual
samples.
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No meaningful differences were observed between the two sampling methods under any dilution
condition. This was confirmed by Bland-Altman analysis, a statistical method used to assess the
agreement between two analytical methods. The automated sampling method showed a bias of
-2.13% relative to the manual method, indicating strong alignment and supporting the interchange-
ability of the two sampling approaches.

QOverall, the growth data pointed to a clear conclusion: one cell line showed superior growth poten-
tial over the other, identifying the stronger platform of the two for AAV production (Figure 5).

Figure 5: Viable Cell Density(left)and Viability (right) Cmeasurements before and after the transfection. Cell line B(red)was character-
ized by a stronger growth profile than cell line A(blue).

Viral Production Results

Transfection Efficiency, Viral Productivity, and Viral Quality were measured via at-line and off-line
analyses. Samples collected by Numera® were analyzed by gPCR and flow cytometry.mCherry/GFP
double positivity at 24 h post-transfection was used as the readout to compare transfection effi-
ciency between the different experimental conditions. As shown in Figure 6, an improvement in
transfection efficiency was observed across the sequence of DoE refinements.

Figure 6:Percentage of mCherry/GFP double positivity measured with flow cytometry.

The Viral Titre was quantified by gPCR during the culture and at harvest. As observed on transfection
efficiency, a general improvement on productivity, quality, and viability was registered across the
experimental campaign (Figure 7).

Altogether, these results showcase that the refinement of the DoE experiments resulted in an opti-
mization of AAV critical quality attributes.
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Figure 7:COA analysis across the three DoE experiments: Viral Tire measured with gPCR(A), Infectivity Assay(B), Viable Cell Density(C)
and Viability (D) measured with flow cytometry.

A-TEEM AS A SOFT-SENSOR TO ESTIMATE CQA

A-TEEM (Absorbance-Transmittance Excitation-Emission Matrix) spectroscopy is an analytical tech-
nigue that simultaneously acquires absorbance, transmittance, and fluorescence excitation and
emission data. It can be used as a Process Analytical Technology (PAT) tool for real-time bioprocess
monitoring.

The excitation-emission matrix (EEM) data enables the detection of naturally fluorescent com-
pounds, including proteins, enzymes, and vitamins, with several orders of magnitude higher sensitiv-
ity than vibrational spectroscopic techniques such as Raman spectroscopy.

Absorbance measurements provide complementary information on the physicochemical properties
of the sample from both fluorescent and non-fluorescent species. In addition, absorbance data are
used to correct for the inner filter effect, which occurs when molecules in the sample absorb part of
the excitation or fluorescence light, causing the measured fluorescence signal to appear lower than
its true value. Correcting for this effect improves the accuracy and reproducibility of fluorescence
measurements, particularly in highly concentrated or complex biological samples.

Multivariate and machine-learning models applied to the combined EEM and absorbance data can
provide highly sensitive and specific predictions of key process parameters, enabling continuous
monitoring of cell growth, viability, and metabolic activity.

HORIBA pioneered this technique with the patented Aqualog® system. In this study, the Aqualog® was
integrated with both Lucullus® and Numera®. Samples were automatically drawn, diluted, and trans-
ferred by Numera to the Aqualog®. Dilution was required to prevent Aqualog's sensors from saturat-

ing.
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Figure 8: Example of Excitation-Emission(A), Absorbance data(B), and a correlation plot(C)to compare technical replicates. All the data
were generated by HORIBA Aqualog® from samples collected by Numera®.
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In addition to real-time process monitoring, models built on A-TEEM data can be used to predict
critical quality attributes (CQAs) of AAV production. In this work, collaborators developed an ear-
ly-stage model to predict transfection efficiency (defined as the percentage of mCherry/GFP dou-
ble-positive cells measured by flow cytometry)and productivity (viral titer, measured by gPCR). The
model was integrated into spectral interpretation software, and its predictions were subsequently
transferred to Lucullus® via automated data parsing.

Despite being trained on a relatively small dataset (n = 84), the model achieved good predictive per-
formance, with a coefficient of determination (R?) of 0.7. Model accuracy is expected to improve as
additional process data is incorporated through iterative training and model refinement.

CONCLUSION

Digitalization and automation of a multi-vendor technology stack for ATMP process development
presents significant integration challenges that require close collaboration with the right technol-
ogy partners. This work demonstrated the successful integration of Numera® within a heteroge-
neous process environment, supporting multiple integration interfaces and enabling automated
bioreactor sampling, processing, and analytics.

By enabling reproducible, time-scheduled sampling across multiple vessels with minimal operator
intervention, the setup reduced manual handling time and variability, improved sampling consis-
tency, and increased the temporal resolution of at-line and off-line analytics. Seamless integration
with the Lucullus® software further allowed precise time-alignment between sampling events and
process data (pH, DO, feeding), strengthening data traceability and comparability across condi-
tions. Together, these capabilities enabled more robust process interpretation and built a stronger
data foundation for modeling and control strategies.

The data gathered enabled multiple iterations and the refinement of a series of Design of Experi-
ments studies, leading to enhanced AAV production. This research confirms the method's effec-
tiveness at scale and acts as a model for more intelligent and data-driven development of AAV
processes.
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