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Determination of mass transfer coefficients (k.a) plays a critical role in multiple biopharmaceutical
operations ranging from aerobic oxidation reactions for small molecule process development to cell-
culture based processes for large molecule process development. Accurate determination of k.a across
different scales and reactor configurations is required to develop such processes in a robust and scalable
manner. We report the development of a machine learning (ML) based model that accurately predicts k.a
across different scales ranging for 100 mL to 100 L. We demonstrate that the ML model can further be
used for predictive modeling, such as interpreting sensitivity and estimating impact of new process
conditions. Furthermore, integrating the ability to estimate uncertainty in the model prediction, we
developed a general framework for a diversified uncertainty-based active learning (AL) algorithm which
iteratively recommends experiments based on information criteria and design-space exploration. The novel
application of this framework enables automated mass transfer characterization of a previously unexplored
reactor configuration. Specifically, we show that using this AL-guided iterative design of experiment led to
progressive improvement in the model's forecasting accuracy, improving from 39% at the beginning of AL
iterations to 90% at the completion of five AL iterations. Our results confirm that this AL framework offers
an efficient closed-loop experimentation strategy that minimizes experimental burden required to
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Introduction

In the field of pharmaceutical development, biocatalysis has
emerged as a powerful toolbox for greener synthesis of complex
molecules.”* Biocatalytic processes offer several major benefits
as an enabling technology, including their ability to mediate
chemical transformations with high stereoselectivity,
regioselectivity, and chemoselectivity.> As a result, in recent
years, the application of biocatalysis has led to several notable
drug developments including islatravir,> molnupiravir,*” and
belzutifan.® Among  different classes of  biocatalytic
transformations, enzyme catalyzed oxidation reactions are of
particular interest for selective formation of alcohols, aldehydes,
ketones, and carboxylic acids. In many cases, such enzymatic
chemical transformations require supply of molecular oxygen
from compressed air as an oxidant for the reaction.”' Typically,
these reactions are performed in a stirred batch reactor with
continuous sparging of compressed air to the reaction volume.
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accurately characterize mass transfer coefficients for aerobic oxidation processes.

Stirred tank reactors facilitate gas-liquid oxygen transfer
through the use of mechanical mixing to increase surface-to-
volume ratio. The stirring creates turbulent mixing, enhancing
the contact between the gas and liquid phase, while continuous
sparging ensures a steady supply of air and thus maximizes the
oxygen availability to the reactants. As a result, the rate of
oxygen transfer significantly impacts the performance of the
reaction because oxidative enzymes tend to consume oxygen
faster than it can feasibly be replenished with traditional reactor
designs. Moreover, the oxygen transfer rate (OTR) depends on
several parameters that vary across scale, like reactor geometry,
position and design of agitator and gas distribution systems,
etc.''™* Therefore, robust process development of aerobic
oxidation reactions, and their successful transfer to commercial
operation, requires accurate estimation of OTR in different
reactor configurations across scales ranging from small scale
laboratory reactors to large scale manufacturing reactors.

In addition to small molecule biocatalytic processes such as
the aerobic oxidation reactions, the principles of accurately
estimating the OTR are equally critical in the large molecule
production and biologics manufacturing. For instance, in cell
culture-based production of therapeutic proteins such as
monoclonal antibodies, OTR plays a vital role in maintaining
the optimal cell growth and productivity."® Accurate estimation
and control of OTR is thus essential to prevent oxygen
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limitation, and maintain the metabolic balance required for
high-yield production across scales ranging from lab-scale
bioreactors to large-scale manufacturing of large molecules.

The product of the volumetric mass transfer coefficient (k@)
and the thermodynamic driving force (Cg,c — C) describes the
overall OTR between gas and liquid phases." The
thermodynamic driving force is represented as the difference
between the bulk liquid oxygen concentration (C) and the
theoretical saturation of oxygen (Cs,) at the gas-liquid interface.
The kinetic component of the OTR (k a) thus becomes a vital
scaling parameter, ensuring that the OTR is consistent across
different reaction vessels and scales when held constant."
Ensuring consistent ka for the process is thus essential for all
process optimization and characterization activities that
otherwise influence process design or measure important
process effects. However, kia is highly sensitive to small
changes in the process parameters, making its accurate
determination notably difficult."’ Traditionally, extensive k.a
characterization experiments are conducted across all scales to
map experimental and operational variables to this key process
parameter.”'® Often, these require varying several different
inputs (such as temperature, fill volume, air sparge rates,
sparger type, and agitation) simultaneously to identify the
optimal operating conditions, thus making the overall
characterization process tedious and expensive in both time
and resources.

Several empirical models have been previously reported
for predicting kya and correlating various process parameters
such as agitation rate and volumetric flow rate of sparged
air.’”" While these models provide a foundation for
qualitative understanding of kya behavior in reactor vessels,
they often fall short in accurately capturing the complex
correlation between process parameters and the reactor
configurations such as vessel geometry, number of baffles,
size of spargers, etc. (more detailed discussion is provided
later in the results section). Moreover, these empirical
correlations are often not accurate in estimating kya at small
scale reactors (<200 mL that have drastically different reactor
dimensions and geometry) where significant process
development is conducted."" These limitations underscore
the need for developing a more efficient predictive model
that can accurately predict ka in various reactor
configurations across different scales. Moreover, these
challenges of accurately estimating the OTR in a process are
not specific to development enzymatic oxidation reactions,
but also apply to aerobic fermentation and cell culture
processes for biopharmaceutical manufacturing as well.>**

Advancements in machine learning (ML) techniques for
building predictive models have been demonstrated as
promising alternatives to empirical models in several different
domains.”® ML models based on deep neural networks for
instance can leverage vast amounts of process data to identify
the intricate patterns and relationships that the empirical
models lack.**>* However, training ML algorithms often require
large number of training datasets; application to mass transfer
characterization would require execution of a large number of
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kya characterization experiments across different reactor
configurations. Recently, we reported an automated end-to-end
workflow that automates the extraction of k;a coefficients under
any given process conditions and reactor configuration."!
Leveraging this data-rich experimentation approach that
combines process automation and a streamlined data workflow
allowed us to execute a large number of ka characterization
experiments (>1000 across different scales) across a diverse set
of reactor geometries and scales. These experimental kia
datasets in turn can enable the development of more accurate
predictive ML-based models by serving as a diverse training
dataset. The focus of our previously reported work'" was thus
on developing a robust experimental workflow that enables
experimental extraction of kpa values by executing automated
experiments. The same workflow for kja extraction has been
leveraged in this work as well. However, the aim of this work is
to (i) develop an accurate ML-based model that can predict ka
values under different conditions and reactor configuration by
leveraging the existing experimental datasets, thus eliminating
the need to execute additional k;a characterization experiments,
and (ii) use this developed ML model to design the most
informative set of kpa characterization experiments (executed
using the same workflow as previously reported'") through an
active learning framework.

Building ML-based predictive models on existing datasets,
however, limits their application to only those reactor
configurations that are included in the available training
dataset, without risks of difficult extrapolation. To estimate k a
across the design space of a new reactor configuration thus
necessitates inclusion of a significant number of additional
training data on this previously unexplored reactor
configuration, so that the model can accurately learn this
expanded design space. This in turn requires extensive kpa
characterization experiments, often using conventional design
of experiments techniques to explore a large multi-dimensional
design space.” A more resource efficient approach would be to
leverage the model that is trained on some existing reactor
configurations to design optimal experiments in an iterative
fashion until the model has adequately learned the design
space of the new reactor configuration, according to some
defined statistical target. This approach of using a ML model to
design iterative experiments that are most informative for the
model is known as active learning (AL).>®

Integrating ML-based, predictive models with iterative
experimental design using AL framework has been recently
demonstrated as an efficient approach to reduce experimental
burden in chemical space exploration, thus eliminating the
need for exhaustive reaction screening.>’*® Several AL
techniques using algorithms such as Bayesian optimization,
ensemble neural networks, and genetic algorithms, have also
been applied for optimization tasks in different domains such
as organic chemistry, nanomaterials, etc. to optimize complex
multidimensional processes while minimizing the number of
experiments needed to achieve optimal conditions.>*>" Such
approaches typically require two key components (1) a ML
model that can accurately map the design space, and (2) a
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sampling strategy that can be used to design the next-best batch
of experiments to achieve an optimal condition. Using AL to
guide mass transfer characterization of a reactor can be
considered analogous to these optimization problems, with the
exception that the objective of the AL algorithm is to reduce
prediction uncertainty in the multidimensional design space
rather than identifying an optimal condition. Developing an AL
framework thus offers a promising and yet unexplored
approach for developing more autonomous and resource-
efficient workflows for characterization, including reactor mass-
transfer performance. Moreover, the workflow used to execute
the experiments and then extract kpa values for model
validation or active learning iterations is kept same as our
previously reported work.

In this work, we developed and benchmarked various ML
models to accurately learn the design space and predict kja
in different reactor configurations across scales. We
demonstrate that interpretation of the developed ML model
also enables critical insights into how the underlying
parameters interact and impact the estimation of kya values.
Next, we developed a diversified uncertainty-based AL
framework for efficient characterization of new, previously
unexplored reactor configurations, while requiring a minimal
number of experiments. By iteratively designing and selecting
the most informative experiments, the AL framework enables
an efficient closed-loop mass transfer characterization
workflow, thus overcoming the need for an exhaustive design
space exploration.

Results and discussion
Reactor database

With the aim to develop a predictive model for kya, we first
focus on the k;a database, its curation, and feature selection.
A comprehensive mass transfer characterization to evaluate
kra under different operating conditions of a reactor often
requires execution of many experimental trials, typically
designed using full-factorial or mixed-factorial design of
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experiments. Given the wide range of possible operating
conditions (temperature, fluid volume, air flow rate, and
agitation rate) and reactor configurations (spargers, agitators,
and their relative location inside the reactor), manual
execution of these DoE studies are expensive in both time
and resources. In response, we recently reported an end-to-
end automated workflow for automated reactor control and
data processing to regress kja value from dissolved oxygen
profiles."” This methodology was used to collect ka data
from different combinations of operating conditions and
reactor configurations. This database includes results from
our historical kypa experiments in reactors ranging from 100
mL lab-scale reactors to 100 L kilo scale reactors (Fig. 1)."* It
should be noted that in this work, k;a is reported in s ! units
rather than more commonly reported h™ units. The
discrepancy in the preferred unit for reporting kja stems
from the difference in the domain. Generally, large molecule
bioprocess-focused literature reports kg in h™ units in
contrast to the small molecule focused literature that tends
to report k a values in s~ units.**** Moreover, the order of
magnitude of the kpa range reported for large molecule
processes (0.1-100 h™) is similar to the range shown in Fig. 1
(0.005-0.05 s™* i.e., 18-180 h™") for the reactor configurations
used in this work."” We used this database to first train a
predictive model that can learn the function to map the input
features (different operating conditions and reactor
configurations) to the output feature (experimentally
estimated kya). The input features are represented by 5
continuous input parameters (sparger size, fill volume of the
reactor vessel, temperature, agitation rate, and VVM:
volumetric flow rate of air per reactor volume), and 1
categorical input parameter (reactor configuration). Reactor
configuration features such as the specific reactor geometry,
shape of the agitator blade, the number of baffles (including
in situ process probes such as temperature, pH, and dissolved
oxygen probes) and their relative position in the reactor are
all combined in this single categorical feature for the model.
Although each of these features for the reactor configuration
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Fig. 1 Violin plot showing the distribution of data in the existing database across scales ranging from 100 mL lab scale reactor to 100 L kilo scale
reactors (EasyMax (EM)100 mL, EasyMax (EM) 400 mL, Chemglass (CG) 500 mL, OptiMax (OM) 1 L, Chemglass (CG) 4 L, Chemglass (CG) 100 L).
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can be treated as a separate input to the model, that would
require a significantly larger and more diverse dataset for the
model to learn how each of these individual feature impacts
kpa. Moreover, the accurate representation of complex
geometric features such as shape of the agitator blade, or
specific three-dimensional representation of the reactor
design offers additional challenge. Hence, in this work, we
combined all features related to the reactor configuration
into a single categorical feature for simplicity. The one-hot
encoding technique is used to represent this categorical
feature as a numerical input to the model. The trained model
can then be used to estimate k;a under new and previously
unexplored process conditions.

Model development and deployment

The rationale behind the selection of appropriate model
architecture to build a predictive model often depends on
several factors including the type of dataset, computational cost,
and the desired outcome from the model. For instance, models
with high interpretability such as linear models or decision-
trees, offer the benefit of representing the input and output
features through relatively simple mathematical relationship,
thus making it easier to understand how each input feature
influences the outcome. However, due to their inherent
simplicity and structural limitations, such models may not
capture complex parameter interactions. Alternatively, more
complex, and less interpretable models like deep neural
networks offer the advantage of potentially achieving higher
accuracy, as well as the ability to estimate model prediction
uncertainty by incorporating probabilistic models. To identify
an appropriate model architecture, we explored multiple
different class of ML models: linear regression models, tree-
based models, and neural network-based models. Fig. 2 shows
the performance of these models on the test dataset. For each
of these models, 20% of the dataset was withheld for testing the
predictive performance of the model and the remaining was
used to train the model and optimize hyperparameters. More
details on the model training methodology are discussed in the
supplementary information (section S1f). Our comparative
analysis elucidates the nuanced trade-off between model
complexity and interpretability. Linear models, for instance, are
expected to behave similar to empirical models for estimating
kya, and thus offer a simpler and more interpretable approach
to understand the impact of different parameters on k;a values.
Here, we explored two types of linear models: (i) standard linear
regression with no data transformations, and (ii) log-
transformed linear models, where log transformation is applied
to the data for linearity and normality. The details of the data
transformation and model training are discussed in the
supplementary information (section S1f). Despite their
simplicity, linear models yielded limited accuracy on the test
dataset, with mean R values in the range of 0.79 to 0.84, thus
failing to capture the sensitivity of k;a to minor changes in the
operating conditions (Fig. 2). Additionally, a linear model tree
(LMT) design that combines linear regression with decision tree

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Parity plot showing the performance of different machine
learning models on validation dataset: linear regression (LR) with no
transformations, log-transformed linear regression (LL), decision tree
(DT), linear model tree (LMT), neural network (NN), Monte-Carlo
dropout neural network (MC DNN). (b) R-Squared values evaluated for
each model based on 5-fold cross validation.

(DT)-based architecture, offers slight improvement in capturing
the complex relation between the input variables. LMT can be
seen as a hybrid approach where some interpretability can be
maintained due to linear regression at the tree branches and
splits while also letting the model learn the complex
hierarchical relation between different configurations. However,
this also comes at the cost of model interpretability due to the
multitude of decision rules involved in making predictions. In
contrast, Monte Carlo dropout neural networks (MC-DNN), a
variation of deep neural networks (Fig. 3a), yielded high
prediction accuracy with R* values up to 0.95 on the test data.
Although complete interpretability is a longstanding challenge
for deep neural networks, our benchmarking study suggests
that it significantly outperforms other models for predicting
kya, likely due to their ability to learn complex hierarchical
representations of the data through multiple layers of
interconnected neurons. MC-DNN offers two additional major
advantages over standard neural networks: (1) during the
training of the model, it randomly ‘drops out’ a fraction of
neurons in the hidden layer (Fig. 3a and b), thus offering an
inexpensive regularization technique to prevent the model from
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(a) Schematic representation of Monte-Carlo dropout neural network. During inference, dropout is applied to estimate a predictive

distribution by using the ensemble of trained model. (b) Distribution plot showing the prediction from 200 samples from the MC-dropout masked
neural network. (c) Prediction of k a vs. agitation curve for EM 100 mL reactor, along with the 95% prediction interval shown by the shaded region,
along with experimental data shown as the scatter points. (d) Predicted contour plot of kia in EM 100 mL with varying fill volume of the vessel and
agitation rate at fixed volumetric flow rate of sparged air per unit volume (vvm).

overfitting output variance to a specific subset of nodes; and (2)
during the inference or prediction from the model, randomized
dropout masks are applied to the hidden layer to give a
probabilistic distribution of the predicted value from multiple
ensembles of the trained model, thus providing an estimate for
uncertainty in model's prediction (Fig. 3b), rather than a single
prediction value that is provided by standard neural network
models.**

Model validation. To further validate the generalizability
of the MC-DNN model in learning the relation between
process conditions and kpa values, the model was used to
predict the profile of kra as a function of agitation rate for a
Rushton turbine agitator in a 100 mL reactor (EM 100 mL)
under conditions that were held out from the model training
(air flow rate: 100 sccm, fill volume: 50 mL, temperature 25
°C, sparger outer diameter: 0.125 inch). The results suggest
that the model's prediction band accurately captures the
sigmoidal shape of the kya vs. agitation curve and matches
closely with the experimentally observed kya values (Fig. 3c).
The inflection in the kya vs. agitation curve is observed both
by (i) model's prediction of ka as a function of agitation as
well as (ii) confirmed through experimental data obtained at
different agitation rates. It should be noted that empirical
models like those proposed by Van't Reit’” are unable to
capture the inflection in the curve.'’ This is likely because
the wide agitation range in the reactor covers a transition in

2506 | React. Chem. Eng., 2025, 10, 2502-2513

mass transfer regime from sparging-limited effect at lower
agitation rate to vortex- or drawdown-limited effect at high
agitation rates. Additionally, Fig. 3d shows the model-
predicted impact of fill volume on kia under different
agitation rates, while maintaining same air flow rate in terms
of volume of air sparged per unit liquid volume per minute
(vwwm) units. As expected, kpa values decrease with the
increase in fill volume. The k;a values are more sensitive to
fill volume at higher agitation rates. These findings from the
model prediction are qualitatively in alignment with what we
expect from Van't Reit's empirical model®® that suggests that
kya is proportional to power input (function of agitation rate)
per unit volume.

Moreover, the predictions are also accompanied with an
estimate of prediction certainty. For instance, the model has
lower prediction certainty in the design space regions where
the training data is scarce (low kia region ie., at lower
agitation rate), and higher certainty in the design space
region where historical data used for training was present in
abundance (Fig. 3c). The estimation of the model uncertainty
along with the prediction allows a more-informed decision
for determining the appropriate operating ranges for the
desired oxidation process.

Model interpretation. ML models such as MC-DNN used in
this work can accurately map the correlation between the input
features (scale and process conditions) and the output feature

This journal is © The Royal Society of Chemistry 2025
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(kra values) by identifying intricate patterns that might not be
evident through traditional empirical techniques. However,
interpreting these models to understand the impact of different
input features can be challenging due to their black-box type
design. This is where Shapley additive explanations (SHAP)
analysis becomes invaluable. SHAP analysis offers a robust
method to understand how different input parameters
influence the output kja values. By calculating the marginal
contribution of individual features to the model's predictions
over a randomly sampled and simulated design space, SHAP
values reveal the individual impact of variables on the predicted
kya values. More details on the SHAP analysis are included in
the supplementary information (section S37). By visualizing the
SHAP results for the entire dataset (Fig. 4a), we observed that
the agitation rate, followed by reactor geometry are the two most
impactful parameters for predicting ka values, together
contributing to more than 60% of the combined impact of all
parameters. This finding further highlights the importance of
considering reactor geometries as input feature for estimating
kya values and the importance of consistent geometry for
process development activities."" SHAP analysis on different
reactor scales shows an interesting trend in the impact of
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Fig. 4 Interpretation of machine learning model in terms of impact of

each parameter (a) absolute Shapley-additive explanations (SHAP) values
for each parameter as a metric to measure the impact of each input
feature on kia prediction. (b) SHAP values for all parameters for EM 100
mL reactor configuration and (c) CG 100 L reactor configuration.
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process parameters. At smaller scale (EM 100 mL reactor), the
predicted kya values are largely dictated by agitation rate and fill
volume (Fig. 4b) while all additional features have minimal
impact on k;a. However, at larger scales (CG 100 L reactor), all
five parameters contribute significantly to the ki a predictions,
thus suggesting that the kja values at larger scales are much
more sensitive to small changes in any of the five parameters
considered in this model. Additionally, the relationship between
parameter SHAP values and feature values are opposite for
many parameters suggesting very different general mass
transfer behaviours across different reactor scales even for
similar geometries (both 100 mL and 100 L reactors are baffled
cylindrical tanks). A more traditional empirical modelling
technique based on power number correlations assumes that
agitation is the main predictor of OTR and thus subsequently
fail to capture the intricate contributions of the other
parameters such as reactor geometry. As a result, multiple
individual empirical models would be required for every unique
reactor geometry in order to achieve high accuracy predictive
models. This analysis highlights the complexity of kra data and
the difficulty in predicting performance across reactors. These
insights from the interpretation of the ML model are crucial for
process development as it informs hypothesis-driven process
optimization and design using identifiable input-output
relationships based on meaningful physical quantities.
Prediction across scale. A major advantage of developing
predictive models is that the model can be used to populate in
silico experiments to visualize how kpa values change across
scales and process conditions. For example, Fig. 5 shows
model-predicted design space mapping of kya across the entire
operation range of three different reactor configurations from
100 mL small lab scale reactors to 100 L kilo lab scale reactors.
One of the key considerations for developing an aerobic
oxidation process is identifying process conditions at each scale
that can ensure maintaining similar kya across all scales. The
design space mapping thus offers crucial insights for process
developers. For instance, the lab scale process development
should be conducted at a kpa value that is routinely achievable
across all scales ranging from lab scale to commercial scale,
and not necessarily the maximum value achievable in a
particular reactor geometry. The design space mapping thus
enables identification of optimal operating conditions that
allow process development to be conducted at similar 4y a values
across different reactor configurations and scales. For example,
to achieve a consistent k.a value of 0.025 s across all reactor
configurations, agitation rates should be maintained between
200-300 rpm (by varying the air flow rate from 0.35 to 0.04 vvm)
in kilo lab scale (CG 100 L) reactors and 650 to 700 rpm (by
varying air flow rate from 1.15 to 0.15 vvm) at smaller lab scale
(EM 100 mL) reactors (Fig. 5). Furthermore, several different
combinations of process conditions can yield the same kia
values across all reactor scales. In practice, depending on
reaction compositions, process developers often choose to run
experiments that maintain the same kya value but at varying
process conditions to explore the effects of mixing or other
parameters, independent from mass transfer and k.a.’
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Leveraging the model prediction of design space thus enables
scientists to develop scalable processes for aerobic oxidations by
exploring mass transfer effects and selecting optimal process
conditions.

Next we demonstrate that these predictive ML tools can also
be easily democratized through broad deployment using an
intuitive web application-based interface,®® thus empowering
scientists within the organization to access and utilize the
trained ML model without requiring programming or data
science expertise. All complex data manipulations are kept in
the back end of the interface with the user only exposed to the
necessary inputs to allow them to explore predicted kra values
with calculated model uncertainty. The details of the web app
deployment for predicting kya are shown and discussed in ESIf
(section S2). This tool serves two primary use cases: (i) enabling
scientists to estimate predicted ki@ under specific operating
conditions, and (ii) allowing them to explore the design space to
find operating conditions that achieve the desired kpa for their
processes. By providing a simple to use graphical user interface,
this web app streamlines workflow and facilitates broader
adoption of such technologies.

Active learning

The developed MC-DNN model is highly accurate when
predicting kpa in reactors with extensive prior characterization
but is not able to extrapolate beyond the design space to make
predictions in new reactor geometries/configurations. To
accurately predict kpa in this extrapolation region thus requires
retraining the model with additional training data specific to
this new reactor configuration. Hence, we next explored the
ability of using an active learning (AL) framework in
combination with the developed MC-DNN model to efficiently
characterize a new, previously unexplored reactor configuration.
The AL framework offers an efficient experimental design
strategy that utilizes ML models to iteratively design the next set
of best experiments to perform by leveraging and assessing the
uncertainty in the model's prediction. In our case, by using the
MC-DNN model, we can estimate the model's uncertainty across

2508 | React. Chem. Eng., 2025, 10, 2502-2513

the entire parameter space then sample conditions that exhibit
the highest uncertainty in terms of relative width of the
prediction band from their mean value. These selected
experiments are then conducted to evaluate ka at these
conditions, and the results are incorporated in the training
dataset. The model is then retrained with the updated training
dataset and the process is repeated. This iterative process
(summarized in Fig. 6a) of querying the design space to design
experiments, executing the experiments, appending the data,
and retraining the model continues until the model accurately
characterizes the new reactor configuration based on a pre-
determined threshold or criteria. For instance, the stopping
criteria in this work was based on model reaching 90%
forecasting accuracy (i.e., how well can the model predict the
outcome of the experiments proposed in the current iteration).
Alternate stopping criteria such as those that are based on
improvement in overall model certainty across the design space
can also be used depending on the application and objective of
the AL-guided experiments. This AL framework thus enables an
automated, closed-loop kya characterization workflow to fully
characterize a new and previously uncharacterized reactor
configuration while minimizing the number of required
experimental trials.

One of the most critical aspects of this AL workflow is the
choice of sampling strategy, i.e., how does the model decide
which experiment to run next. In practice, rather than executing
single experiment at a time, it is generally more resource-
efficient to either execute multiple experiments in parallel or
execute multiple experiments in a sequential fashion by
leveraging laboratory automation tools. Hence, the AL sampling
strategy explored in this work is designed to propose a batch of
experimental conditions, rather than a single experimental
condition. A variety of different batch sampling strategies have
been used for different AL applications.>”*”*® One of the most
common is uncertainty-based sampling. In this approach, the
AL algorithm simply queries the condition with the highest
uncertainty. This strategy is widely used due to its simplicity of
implementation. However, one of the major drawbacks of this
strategy is that if a specific region in the design space has very

This journal is © The Royal Society of Chemistry 2025
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high uncertainty (such as low air flow rate and agitation rate),
either due to high noise in the experimental data in that region,
or high noise in the data processing protocols (such as
regression of dissolved oxygen profile), then the algorithm may
sample iteratively and exclusively from a specific region of the
design space. While this strategy may improve accuracy in this
specific region, the sampled conditions in a batch of
experiments are very similar to each other and thus add limited
new knowledge to the overall model. This can lead to large
number of experimental iterations before the algorithm starts
to explore a new region of lower uncertainty. This challenge is
analogous to what is observed in the field of algorithmic
process optimization using Bayesian approach, where the
algorithm must balance between exploitation of promising
performance with the exploration of areas of uncertainty to
avoid oversampling a globally inferior local optimal solution.*
To mitigate this challenge, we leveraged a diversified
uncertainty-based sampling strategy for the AL algorithm, which

This journal is © The Royal Society of Chemistry 2025

have been demonstrated to be more generalizable and efficient
compared to sampling based on uncertainty only.*® This novel
application highlights a different focus from traditional
applications in which the goal of the AL framework proposed in
this work is not to find optimal conditions, but instead to
accurately map the entirety of a specified design space. Fig. 6b
shows the flowchart of the AL framework using diversified
uncertainty sampling. Specifically, when the parameter space is
mapped based on the model's predictions, the next set of
experimental conditions are sampled by considering both the
geometric diversity of the points in the experimental batch as
well as the prediction uncertainty. First, the parameter space
map (PSM) prediction is sorted based on uncertainty, and then
a fraction of the most uncertain points is selected (where the
fraction can be adjusted as a hyperparameter) and clustered
into 4 clusters using the k&-means clustering algorithm. Followed
by this, samples with specified batch size (N) are drawn equally
from each cluster. This approach of diversified uncertainty
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sampling thus allows us to design diverse batches of
experimental conditions that balance broad design space
exploration with investigation of areas with high prediction
uncertainty.

Validation using simulated data. We first validated this
diversified uncertainty-based AL framework on simulated
experiments by starting with a surrogate model that was trained
on our dataset including all reactor configurations except one
(OM 1 L). OM 1 L reactor was used to validate the AL framework
and hence was withheld from the initial training of the
surrogate model. The AL framework was then used to iteratively
sample additional training data for this withheld reactor
configuration. Random sampling, in which training data points
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are randomly selected during each iteration to train the model,
was used as a benchmark against which the diversified
uncertainty-based AL framework was evaluated. Fig. 6¢ shows
the direct comparison between the two techniques in terms of
how loss error on the test dataset propagates with increasing AL
iterations (each with an experimental batch size of 12). The
diversified uncertainty-based AL approach shows rapid decrease
in test error within the first 3 iterations and then steadily
decreases as more data is added to the model in subsequent
iterations. Random learning requires more than 10 iterations to
minimize error, beyond which the average of random learning
error is significantly higher than the diversified uncertainty-
based AL approach. These results highlight the benefits of using
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diversified uncertainty-based AL approach for progressively
learning the design space of a new reactor configuration while
minimizing the experimental iterations.

Experimental validation. Next, we extend this AL approach
through a human-in-the-loop automated k;a characterization,
i.e., the experiments designed by the AL framework are
executed through an automated experimentation workflow,"
with human intervention needed for data transfer and
analysis between experimental rounds. We demonstrated this
by experimentally characterizing a new large-scale (100 L)
reactor configuration that was not previously characterized
and hence was not present in the existing database used to
train the initial model. The AL workflow (as described in
Fig. 6) was used to suggest experiments in a batch size of 12
for each iteration by varying three key process parameters:
agitation rate, air flow rate, and volume. These experiments
were then performed through our recently developed
automated k;a characterization workflow'' and included in
the training dataset at the end of each iteration to retrain the
model and propose the next batch of experiments. Fig. 7b
shows the experimental conditions and corresponding kpa
values from six iterations of AL guided experimentation. In
addition, the fractional deviation of prior predicted kpa
values from future experimentally measured kpa values are
also shown as bar plots in Fig. 7b for each iteration. A
deviation value closer to zero suggests that the model is
performing more predictively on unseen data. The deviation
bar plots offer a real-time evaluation of how the model is
performing through each iteration loop. As evident in Fig. 7b,
the deviation from experimental kya for each condition in the
first iteration is high, as expected, since no training data is
available at the beginning of the AL iteration. However, as
more AL-guided experiments are executed and included in
the model training, the deviation bars start to approach zero
within five iterations, suggesting that the model can
accurately map the input and output features. Symmetric
mean absolute percentage error (SMAPE) can be used as the

metric to quantify the average deviation for each
iteration.*>*! SMAPE is expressed as:
SMAPE — 100% S ypred,i _yexpt,i

i—0 <ypred.,i _yEXPt~i> /2

where Ypreq,; and Yexper,; are the predicted and experimental

kpa values for each sample in the AL iteration, and »n is the
number of samples in the AL iteration.

Starting with a SMAPE value of 60.6% (ie., forecasting
accuracy of 39.4%) at the beginning of the AL iteration, the
model progressively improves after each AL iteration, yielding
a SMAPE value of 9.7% (i.e., forecasting accuracy of 90.3%) at
the completion of the AL iteration (Fig. 8a).

The improvement in model's performance can also be
evaluated and confirmed through the retrospective analysis
of the model. At the beginning of each iterative cycle, the
model trained on all prior experiments was stored. At the

This journal is © The Royal Society of Chemistry 2025
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conclusion of all six iterations, the performance of the model
from each iteration was assessed in terms of prediction parity
(Fig. 7a) on test dataset (i.e., all experimental data that is
collected in the subsequent iterations) and the entire
complete dataset collected throughout the six iterations. As
evident, the root mean squared error (RMSE) value between
experimental kja and predicted ka on test dataset
progressively improves from 0.11 at the beginning of AL to
0.03 at the conclusion of AL iterations (Fig. 8b). Through
strategic selection and incorporation of the new experimental
conditions into the training process, the model continuously
refines its estimate of the parameter interactions and the
underlying relations between different process conditions
across the entirety of the reactor design space. Moreover, the
progressive improvement in the model's prediction
underscores the effectiveness of active learning in designing
optimal experiments that could be most informative for
building a predictive model in a previously unexplored design
space.

Conclusions

In this work, we demonstrate a generalizable active learning
framework as a promising tool for efficiently characterizing
mass transfer coefficients (kya) in reactors by iteratively
selecting and proposing experiments that are most
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informative for the model. This was accomplished through
first developing and benchmarking different ML models in
the context of accurately predicting kya across scale and then
integrating the developed model with an active learning
framework. Our benchmarking study of different ML models
suggests that Monte-Carlo dropout neural networks (MC-
DNN) outperform the other models investigated. Moreover,
using SHAP analysis for interpretation of the MC-DNN model,
we showed that sensitivity and impact of different process
conditions (such as agitation rate, fill volume, and air sparge)
vary significantly across different reactor configuration and
scales, thus highlighting the importance of replacing existing
generalized empirical models with machine learning-based
models for estimating kya. The MC-DNN model also enabled
estimation of uncertainty in model prediction, that allowed
us to integrate it with a diversified-sampling based AL
framework. Our results show that the diversified uncertainty-
based AL approach enables design of diverse and informative
experiments that yields a progressive improvement in the
overall accuracy of the model while minimizing the number
of experiments required. After completion of five iterative
experiments, the AL algorithm allowed wus to fully
characterize a new and previously unexplored reactor
configuration. This is evident from the observed
improvement in the model's forecasting accuracy from 39%
at the beginning to 90% at the conclusion of AL-guided
experiments. These results demonstrate that the AL-guided
experimentation strategy presented in this work offers a
promising workflow to reduce the experimental burden of
conducting exhaustive experimentation for characterizing kja
in reactors.

The active learning framework of iteratively exploring the
design space (ie., querying the design space to propose
experiments, executing the experiments, appending the
experimental data, and then retraining the model with the
new information until the model accurately learns the design
space) offers a promising path forward towards developing
fully autonomous platforms for process characterization at
large. Future research in this area should focus on
integrating this active learning approach with process and
laboratory automation alongside streamlined data pipelines
to further reduce the manual burden of characterizing new
reactor configurations. Although, the work reported here
utilized water (with no added reagents) as the choice of
media for kpa characterization, the generalizable framework
presented here can be further extended to develop models
that also account for the impact of added reagents, such as
antifoam or reaction media, on the predicted kpa values and
the resulting oxygen transfer rates. For example, the amount
of antifoam added (a continuous parameter) and the type of
reaction media used (a categorical parameter) can be
incorporated as additional input features to the model. This
would enable the model to learn the correlation between k;a
values and the amount of antifoam and cell media. In
addition, the overall workflow presented in this work can be
extended and adopted for a wide range of applications, where

2512 | React. Chem. Eng., 2025, 10, 2502-2513
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the objective is to efficiently design the most informative
experiments to build predictive machine learning models for
a process. Further implementation and adoption of such
technologies across different aspects of drug process
development will facilitate acceleration of timelines with the
most effective use of resources, while also maximizing
valuable process insights.
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