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Automated air-displacement pipettes have become a standard equipment for the transfer of liquids in
laboratory settings. However, these tools fail to perform accurate and precise transfers of liquids with
viscosities greater than 100 cP. In this study, we report a systematic protocol for optimizing the liquid-
handling parameters of automated pipettes to achieve accurate and precise transfers of viscous liquids
(within 5% of percentage transfer error) with viscosities as high as 1275 cP using minimal transfer times.
The protocol is based on the iterative gravimetric testing of different combinations of aspiration and
dispense rates obtained by a Multi-Objective Bayesian Optimization (MOBO) algorithm. We demonstrate
that optimal solutions obtained through MOBO can match or outperform solutions derived from human

intuition, showing a consistent performance even when different pipetting equipment and tip geometries
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Accepted 14th April 2024 are used. Finally, we demonstrate that the protocol can be performed in a fully automated, closed-loop

fashion by integrating an automated mass balance, increasing the manpower efficiency of the method.

DOI: 10.1039/d3dd00255a This offers a valuable advancement in the accurate manipulation of highly viscous liquids, with broad
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Introduction

Automation of wet chemistry experiments has shown the
potential to accelerate chemical discovery by increasing effi-
ciency, throughput, safety, and repeatability of results.
Currently, to automate chemical experiments researchers must
buy or build different tools that are put together as modules,
each replicating a single task normally performed in laboratory
settings for a specific experiment (such as solid and liquid mass
transfer, heating, stirring, filtration, etc.). While a plethora of
automated tools are now commercially available or have been
reported in the literature,"” many basic tasks that are per-
formed in a laboratory setting remain challenging to implement
through automated methods. In particular, the transfer of
liquids with viscosities larger than 100 cP is a task that is still
challenging to automate,® while being of high relevance to the
fields of biology, polymer, and formulation sciences.
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applications for the automation of various laboratory experiments.

Air-displacement pipettes have become a ubiquitous tool in
laboratory settings. The working principle of air-displacement
pipettes can be divided in an aspiration and a dispense step.
During aspiration, the piston is first protracted to displace
a target volume of air within the pipette barrel. While the piston
is held in place, the pipette tip is placed inside a vessel con-
taining the target liquid to be transferred, leaving an air-
cushion between the piston and the liquid. Afterwards, the
piston is retracted creating a negative pressure difference
between the air cushion within the pipette barrel and the
atmosphere, which causes the flow of liquid into the pipette tip
until the pressure difference has been equalized. Finally, during
the dispense step the piston is once again protracted com-
pressing the air-cushion inside the pipette barrel and raising
the internal pressure of the system. Due to the force applied by
the plunger movement, the liquid is expelled from the pipette
tip until the pressure inside the pipette barrel is once again
equalized with the atmosphere. Today there is a wide range of
affordable fully automated electronic air-displacement pipettes
commercially available such as the Opentrons OT2 platform,
Hamilton ZEUS, Sartorius rLine series and Tricontinent Air-Z
series. However, these tools are rated by the manufacturers
for the transfer of liquids with viscosities less than 100 cP due to
the observation of transfer errors when handling liquids with
high viscosities.
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Dispense rates faster than
the liquid flow rate leads to
incomplete dispense

Aspiration rates faster than
the liquid flow rate leads to
incomplete aspiration

Fig. 1 Schematic representation of the challenges faced by air-
displacement pipettes during the aspiration and dispense step.

When air-displacement pipettes are used to transfer viscous
liquids, there is a high likelihood of undesirable occurrences
happening during each of the transfer steps (Fig. 1). The first
issue arises during aspiration when the piston moves much faster
than the liquid flow into the pipette tip. When this event occurs,
the pipetting robot will move prematurely out of the liquid
causing air to flow into the tip due to the unequalized pressure
difference between the pipette barrel and the atmosphere. This
leads to an incomplete aspiration and if the volume of air is large
enough, it may even break down the liquid meniscus and cause
an uncontrolled aspiration event that may damage the equip-
ment. Similarly, during the dispense step it is crucial that the
speed of the piston closely matches the flow rate of the liquid to
avoid a rapid increase in the pressure of the air cushion located
between the plunger and the liquid. If this condition is not
maintained, the pressure build-up causes the meniscus of the
liquid to break, leading to an uncontrolled dispense of the liquid.
Thus, it is key to select aspiration and dispense rates that match
the flow rate of the liquid within the pipette tip to enable the
accurate transfer of viscous liquids with air-displacement
pipettes.

Opentrons Labworks have published applications notes and
released webinars to help researchers find appropriate liquid
handling parameters for the transfer of viscous liquids using
their OT2 pipetting robot.” Their proposed optimization protocol
consists in non-systematic trial-and-error testing of different
combinations of parameters that are set by the user's intuition.
This approach is likely to lead to results that depend mainly on
the prior experience of the experimenter and the resulting
parameters may not be fully optimized due to lack of extensive
exploration of the parametric space. In addition, this method-
ology does not consider the existence of multiple combinations
of aspiration and dispense rates that would satisfy the require-
ments for accurate transfer of the target liquid (i.e. aspiration
and dispense rates slower than the liquid flow rate within the
pipette tip). Thus, this protocol may lead to solutions that
accurately transfer a liquid in an unnecessarily long transfer
time, decreasing the experimental throughput of the workflow.
Hence, there is a need for protocols that aim to optimize the
liquid handling parameters of viscous liquids that consider both
transfer error and transfer time as optimization objectives.
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Here, we propose a new protocol that allows researchers to
obtain optimized liquid handling parameters (defined by aspira-
tion and dispense rates) capable of transferring liquids with
viscosities as high as 1275 cP within 5% of percentage transfer
error. This protocol enables the optimization of liquid handling
parameters using suggestions generated by a Multi-Objective
Bayesian Optimization (MOBO) algorithm that aims to mini-
mize the absolute value of percentage transfer error and time to
transfer 1000 pL. These objectives were formulated in mind for
experimentalists to attain accurate liquid handling procedures
with minimal transfer time, such that the optimized protocol is
amenable for integration into high-throughput setups. The
protocol commences with an initialization step that narrows the
range of flow rates for aspiration and dispense closer to the
optimal values. This is followed by an iterative gravimetric testing
procedure that first explores the boundaries of the parametric
step and then refines the aspiration and dispense rates using
suggestions derived by a MOBO algorithm. We successfully
demonstrated the optimization of liquid handling parameters of
four viscosity standards ranging from 204 to 1275 cP for two
automated pipettes from different manufacturers. The perfor-
mance of the MOBO was benchmarked against an optimization
guided by human intuition. Our results demonstrate that MOBO
matches and can outperform human-based intuition by obtaining
liquid handling parameters that result in higher accuracy and/or
speed of transfer. Finally, we incorporate an automated mass
balance to demonstrate full closed-loop optimization of pipetting
parameters for liquids with unknown viscosity.

Experimental
Materials and equipment

General-purpose Newtonian fluid viscosity standards of approx-
imately 204, 505, 817 and 1275 cP were purchased from Paragon
Scientific and used as received at 25 °C. Full specifications of the
viscosity standards can be found in the ESI (Table S1).f Opti-
mization experiments of liquid handling parameters for the
transfer of viscous liquid standards were performed on an
Opentrons OT-2 robot using a single channel P1000 gen2 pipette
and an in-house assembled platform made of a Sartorius
rLine1000 electronic pipette attached to a Dobot M1 SCARA
robotic arm (Fig. S1}). The pipette tips used during the experi-
ments were OT-2 1000 uL and Eppendorf epT.I.P.S 1000 for each
pipette respectively. To interface with the robotic platforms
control-lab-ly (an in-house developed Python package https://
pypi.org/project/control-lab-ly/) was used to control the
Sartorius rLine1000 pipette and the Dobot M1 SCARA robotic
arm. The OT2 robot was controlled via Jupyter Notebooks
using the Python API from Opentrons. To augment the feasible
aspiration and dispense flow rates in the Sartorius rLine1000
pipette, a protocol was implemented using a combination of
plunger movement and waiting time to obtain an apparent
flow rate; full details of the protocol can be found in the ESI
(Section S2.2t). The files used to perform the experiments can
be found in our GitHub repository (https://github.com/
Quijanove/LiqTransferOptimizer).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Gravimetric testing

Gravimetric testing was used to evaluate the accuracy for each
combination of liquid handling parameters used during the
optimization campaigns. The test started by measuring the
height of the viscous liquid column within the glass vial
container. After that, the pipette tip was submerged into the
source vial at a predetermined distance from the surface of the
viscous liquid (15 and 5 mm for P1000 gen2 and rLine1000
respectively). After each transfer, the column height was auto-
matically updated by the expected height decrease after each
aspiration (2 mm per mL for the vials used in this study). The
pipette was then programmed to aspirate a target volume using
a specific aspiration rate. After the aspiration step was
completed, the pipette was left idle for a specific number of
seconds (5 and 10 seconds for P1000 gen2 and rLine1000
respectively) to allow the pressure of the air cushion between
the piston and the liquid to equilibrate. Then, the pipette was
moved to touch the four walls of the vial with its tip to remove
any excess of liquid coating its exterior. Regardless of the
volume of liquid actually aspirated with these parameters, the
target volume was then dispensed using a specific dispense rate
at a position of 5 mm below the top of a second glass vial that
was previously weighed. After the dispense step was completed,
the pipette was once again left idle for a specific number of
seconds (5 and 10 seconds for P1000 gen2 and rLine1000
respectively). After the transfer of the target volume, the pipette
was moved to the top of the source container. The change in
mass in the destination vial was recorded after the transfer of
the viscous liquid by either an automated balance or by
manually measuring with a standard balance. The percentage
transfer error (% E) was calculated as follows:

recorded mass — expected mass o

% E =
expected mass

100

where the expected mass value was calculated from the liquid
density and the target volume for the transfer.

The pipette was programmed to perform six cycles of blow-
outs and piston-homing into the source vial to eliminate any
remaining liquid still present after the transfer. For each
combination of aspiration and dispense rates, this procedure
was used to test the transfer of 1000, 500 and 300 pL. Finally, the
average % E for the transfers of the three volumes was calcu-
lated for each set of parameters. A detailed workflow diagram of
the gravimetric testing can be found in the ESI (Fig. S3).T

Calibration of optimized liquid handling parameters

Once a set of optimal aspiration and dispense rates were
selected, the accuracy and precision of the transfers were ob-
tained through a modified protocol based on ISO8655." At the
beginning of each calibration experiment the pipette would be
prewetted with an unrecorded transfer using the optimal liquid
handling parameters found during the optimization campaign.
Subsequently, ten repetitions of gravimetric testing would be
performed for transfers of 1000, 500 and 300 pL. Between each
transfer (including the prewetting step) the pipette was pro-
grammed to perform six cycles of blowouts and piston-homing
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into the source vial to eliminate any remaining liquid still
present after the liquid transfer. The mean % E for the transfers
of each target volume was calculated to obtain the systematic
error (accuracy) of the transfer, while the percentage standard
deviation of % E was used to obtain the random error (preci-
sion) of the transfer.

Optimization protocol of liquid handling parameters

Our protocol for the optimization of the liquid handling
parameters (defined as a combination of aspiration and
dispense rates for this study) for accurate viscous liquid transfer
is shown in Fig. 2. We have divided the protocol into three
different steps: initialization, exploration, and optimization.
The objective of the initialization step is to provide an aspira-
tion and dispense rate based on a coarse approximation of the
flow rate of the target liquid within the pipette tip for a specific
aspiration rate. The initialization step consists of aspirating
1000 pL at the default flow rate as established by the pipette
manufacturer (273.15 puL s~ for P1000 gen2 and 260 pL s~ for
rLine1000). After the aspiration of the liquid is triggered, the
robot is programmed to maintain the tip submerged in the
liquid even after the piston stops moving. As the pipette piston
moves the liquid will flow upwards into the pipette tip until the
pressure between the air cushion inside the pipette tip and the
atmospheric pressure has been equilibrated. A timestamp (¢;) is
automatically recorded when the aspiration of the viscous
liquid started, and a second timestamp (¢;) is recorded by the
user, when it has determined by visual inspection that the
column of liquid seems static. The approximated flow rate of
the liquid inside the tip is calculated as follows:

1000
s —

Approximated flow rate =

Then the viscous liquid is dispensed into the same vial at
a dispense rate equal to the flow rate obtained in the previous
step. The initialization step therefore provides a sensible start-
ing point for the optimization of the liquid handling parame-
ters, leading to a reduced number of iterations required to
obtain parameters with low transfer errors. In addition, the
initialization step acts as a safety protocol, where we obtain an
aspiration rate that will not lead to a meniscus breakdown that
can lead to uncontrolled aspiration that can cause damage to
the equipment.

The second and third steps of the protocol focus on opti-
mizing the liquid handling parameters using gravimetric
testing (see the Experimental section for details). In these steps
several combinations of aspiration and dispense rates are tested
and the percentage transfer error (% E) for each transfer is
calculated. The exploration step consists of testing five combi-
nations of liquid handling parameters that explore the bound-
aries of the parametric space where the best liquid handling
parameters are likely to be found. The first combination of
liquid handling parameters to be tested is aspiration and
dispense rates equal to the approximated flow rate obtained in
the initialization step. Afterwards, the approximated flow rate is
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Fig. 2 Step by step representation of the optimization protocol. First, an initialization step is used to obtain a sensible starting combination of
aspiration and dispense rates for the optimization. After that, an exploration step is implemented where the boundaries of the parametric space

are sampled. Finally, a MOBO step where two regressors are trained on
algorithm is used to suggest new parameters to be tested.

multiplied by a factor of 1.25 and 0.1 to set the maximum and
minimum values of aspiration and dispense rates for the opti-
mization. These values have been set as the limits of the para-
metric space based on previous knowledge obtained from the
optimization of liquid handling parameters of viscous liquids.
Then the four permutations of aspiration and dispense rates of
these two limit values are gravimetrically tested (Fig. 2).

In the optimization step, new values for aspiration and
dispense are proposed for evaluation with the objectives of
minimizing (1) the transfer error (% E) and (2) time required to
aspirate 1000 pL (f1900 o). A machine learning driven optimi-
zation was implemented using the BoTorch Python package to
implement MOBO utilizing the q-Noisy Expected Hypervolume
Improvement (QNEHVI) algorithm. The gNEHVI algorithm was
chosen due to its fast convergence on multi-objective problems
and robustness in observation of noise,'® which is a concern for
this use case since small variations in volume caused by liquid
dripping or air bubbles can have a large impact on the transfer
errors at the microliter scale. Since BoTorch is implemented for
maximization problems, our optimization task is formulated to
maximize the negative value of the absolute percentage error
(—|% E|) (set as absolute to accommodate positive and negative
percentage errors) and maximize the negative value of the time
to transfer 1000 pL (—t1000 ur). To benchmark the performance
of the algorithm, we performed in parallel a human-driven
optimization where a scientist starts the optimization with the
five data points collected during the exploration step. Based on
their intuition, the next set of aspiration and dispense rates
were selected and tested gravimetrically.

To start the MOBO, two independent Gaussian process
regressors were trained on the first five data points obtained
during the exploration step to predict —|% E| and —ti00 p-
Sobol sampling is used to propose a discrete candidate set of n

1014 | Digital Discovery, 2024, 3, 1011-1020

the available data to predict the optimization objectives and gNEHVI

different combinations of aspiration and dispense rates to be
evaluated for optimization (n = 1024 for our study). The
regressors predict the objective values for these candidates,
which are then computed on the gNEHVI acquisition function
to consider which candidate has the highest likely gain. The
parameter set with the highest qNEHVI acquisition value is
therefore evaluated in the next iteration of gravimetric testing.
This process of training the model, sampling new candidates
and greedy maximization on qNEHVI is repeated for each iter-
ation, updating the dataset with each new evaluation. In our
study, the procedure for machine and human-driven optimi-
zation was performed for a minimum of five iterations or up to
a threshold of 5% absolute percentage error.

During the optimization campaign, the reference point for
time was kept constant to the —¢;og0 1. for the set of transfer
parameters equal to 0.1 times the flow rate obtained in the
initialization step, which is equal to the longest value of time
tested. In order to find solutions that prioritize minimal error,
we implemented a dynamic reference point to pressure the
algorithm to explore solutions that minimized error instead of
time. Previous studies using MOBO have used this approach to
avoid undesirable solutions for one of the objectives of the
optimization." Thus, the reference point for error was updated
at each iteration to be 1.25 times the maximum —|% E| observed
so far in the data set. In this way, we allowed for bias towards
solutions that minimize error while maintaining reasonable
time, rather than considering the entire Pareto front where time
minimization may be favored.

Results and discussion
Semi-automated optimization of liquid handling parameters

In Fig. 3 we display the mean change per iteration in % E and
tio0o p1 for the optimizations driven by human intuition and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Representative example of optimization of liquid handling
parameters for (A) the OT2 P1000 gen2 pipette and (B) Sartorius
rLinel000 pipette. The dotted lines mark the 5% percentage error
target for the optimization. The first five points are the outcome of the
parameters used during the exploration step. For both pipettes it can
be appreciated how the error associated with the human and MOBO
suggestions tends to improve with each iteration. The liquid used
during this optimization experiments had a viscosity of 1275 cP.

MOBO algorithm using the OT2 P1000 (Fig. 3A) and Sartorius
rLine1000 (Fig. 3B) pipettes. For each graph, the first five iter-
ations represent the transfers performed during the exploration
step. By examining these first five iterations, we can find some
trends that were present for each pipette and for every liquid
(the plots for all liquids can be found in Fig. S6 in the ESI¥).
Firstly, it can be observed that as tjo0 1 increases (i.e.
decreasing the aspiration and dispense rates), the % E
approaches values closer to zero. This observation is expected
since the slower piston movement enables a more controlled
flow of the liquid within the pipette tip and a smooth equal-
ization of pressure. However, when the OT2 P1000 pipette is
used there is a critical point where the further decrease in
aspiration and dispense rates leads to volume transfers higher
than the expected value (i.e. positive % E). On the other hand,
the error associated with the transfer of the Sartorius rLine1000
pipette always remains negative. Considering that the viscosity
standards have a lower density in comparison to water (<~15%),
the observation of positive % E at low transfer rates is not
surprising. During aspiration, a specific mass of liquid needs to
be withdrawn to equalize the pressure difference between the
pipette barrel and the atmospheric pressure. Since the pipettes
are optimized to transfer water, it is expected that liquids with
lower density than water require a larger volume to match the
mass required to equalize the pressure difference, thus leading
to positive % E.''* However, the rLine1000 pipette tips have
a narrower tip profile in comparison to the tips used with the
OT2 P1000 pipette. It is conceivable that the smaller diameter of
the pipette tip enables the equalization of pressure of the
pipette barrel with a smaller amount of liquid, explaining why
the rLine1000 pipette only displayed negative values for % E.
Second, the values for aspiration and dispense rate have
a distinct impact on the % E. This can be observed from the % E
obtained in iterations three and four, where the values of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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aspiration and dispense have been interchanged. In iteration
number three the aspiration and dispense rates are respectively
equal to 1.25 and 0.1 times the approximated flow rate obtained
in the initialization step, while the inverted values were tested in
iteration number four. We can observe that while both itera-
tions have the same time of transfer for 1000 pL there is
a significant decrease in the % E when the aspiration rate is
larger than the dispense rate. The observation that the % E is
improved with slower dispense rates may be due to the lower
surface tension the viscosity standards used in this study have
in comparison to water. A low surface tension liquid will be
more likely to wet the walls of the pipette tip, causing the liquid
in contact with the walls to flow at a lower rate in comparison to
the bulk due to adhesive interactions with the plastic walls.™

After the first five initial points, the next liquid handling
parameters tested were either generated by a MOBO algorithm
or human intuition for a minimum of five iterations or until the
absolute value of % E was within 5%. The criteria for the
selection of the best optimized parameters were the set of
aspiration and dispense rates that displayed maximum mean
—|% E|, since this was the objective to be optimized by the
MOBO algorithm. After the optimal parameters were selected,
a calibration test was performed to determine their accuracy
and precision (see further details in the Experimental section).
In Fig. 4 we present a summary of the performance of the best
optimized liquid handling parameters for each of the tested
liquids. It can be observed that for both pipettes the best
parameters found by both human and MOBO algorithm for
each viscous liquid were within the target of 5% experimental
error (excluding the transfer of 300 uL for liquids with viscosi-
ties =817 cP). In addition, the number of iterations to achieve
the best transfer parameters were all greater than five, meaning
that both human intuition and MOBO were able to discover
liquid handling parameters with a % E closer to zero and
shorter transfer times in comparison to the best parameters
found during the exploration step of the protocol.

As expected, for both pipettes the systematic errors (char-
acterized by the mean % E) increased with viscosity due to the
inherent limitations of air-displacement pipettes to accurately
transfer viscous liquids. In addition, the systematic errors
became larger as smaller volumes of liquid were transferred due
to the greater impact that dripping and incomplete volume
transfers have on the value of % E. The increase of error with
smaller transfer volumes is a behavior that is also expected for
non-viscous liquids and even the pipette manufacturers
increase the threshold for tolerance of systematic error when
small volumes of water are transferred (these thresholds are
highlighted in Fig. 4 as purple dashed lines). The random error
obtained from the percentage standard deviation of % E the
transfers reflects the precision of the liquid handling parame-
ters. For all parameters obtained with MOBO, we can observe
that they were below 2.5% and were similar for both pipettes.
Similar to the observations in systematic error, larger random
errors were observed with increasing viscosities and decreasing
transferred volumes. Both random and systematic errors in all
cases are within ten times above the reported values for the
transfer of water by the manufacturer. Considering that there is
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Fig. 4 Performance of the best liquid handling parameters for all viscous liquid standards using (A) the OT2 P1000 gen?2 pipette and (B) Sartorius
rLine1000 pipette. The percentage error and the percentage standard deviation for each volume transfer represent respectively the systematic
error and random error of the parameters. The green dotted lines are placed to mark the 5% percentage error set as a target for the optimization
and the purple dotted lines represent the tolerance values reported by the manufacturers for each volume transfer, except for the transfer of 300
uL where the dotted purple lines represent the values for the transfer of 500 and 1000 pL.

an increase of two to three orders of magnitude in the viscosity
of the tested samples in comparison to water, we deem as
acceptable the observed increase in the systematic and random
error.

When the performance of the MOBO and human-driven
optimization is compared, we observe that for the OT2 P1000
pipette the liquid handling parameters obtained by MOBO
displayed shorter transfer times than human-driven optimiza-
tion for the two most viscous liquids, with a maximum decrease
of approximately 40% for the 1275 cP viscosity standard. For the
204 and 505 cP viscosity standards, the human-driven optimi-
zation demonstrated a quicker transfer time (27% decrease for
the 505 cP viscosity standard) in comparison to the parameters
obtained through MOBO. In relation to transfer errors, the
liquid handling parameters obtained through human intuition
had smaller systematic errors in comparison to the parameters
obtained from MOBO, especially for volume transfer of 500 and
300 pL. On the other hand, for the rLine1000 pipette it can be

1016 | Digital Discovery, 2024, 3, 1011-1020

observed that in all cases MOBO of the liquid handling
parameters displayed similar or shorter transfer times than
human-driven optimization, with a maximum reduction of
approximately 36% in time for the transfer of the 817 cP
viscosity standard. Both human-driven optimization and MOBO
presented similar systematic errors, while falling short of
meeting the target of 5% error of the transfer of 300 uL for the
817 and 1275 cP viscosity standards.

In general, MOBO performed similarly irrespective of the
equipment used during the optimization. It was found that
MOBO found the optimal parameters between 7 and 10 itera-
tions. The main difference between the pipettes was that the
OT2 P1000 pipette presented smaller systematic errors for the
transfer of 300 pL for all liquids. This may be due to the
different pipette geometry since the profile of the tip used by the
OT2 P1000 pipette has a more gradual increase in radius and
a wider bore, which are regarded as favorable attributes to
transfer viscous liquids. In contrast, the performance of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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human-driven optimization varied greatly depending on the
equipment used. The number of iterations to obtain the best
parameters varied from 6 to 15 when human intuition was
driving the optimization of the rLine1000 pipette, while the
number of iterations was between 7 and 10 when the OT2 P1000
pipette was used. The larger differences in performance of the
human-driven optimization in comparison to MOBO for each
equipment suggest that MOBO allows for a standardized
protocol with consistent performance irrespective of the
equipment used. On the other hand, human-driven optimiza-
tion will vary highly depending on the ability and experience of
the experimenter with the equipment.

Fully automated optimization of liquid handling parameters

So far, we have described a protocol based on a MOBO algo-
rithm that can be used to optimize the liquid handling
parameters of any automated pipette and tip combination. The
only requirements for the protocol are that the pipette is
capable of adjusting the plunger flow rate and that a human
experimenter is running the initialization step and gravimetric
testing. Although we have shown that this procedure can match
or outperform the optimization guided by human intuition, the
protocol still requires spending manpower in tedious and time-
consuming experimental tasks. Incorporating automated
methods to perform the initialization step and the gravimetric
testing in our protocol would minimize the need of a human
experimenter, leading to a protocol that allows more efficient
allocation of manpower. To achieve full automation, we incor-
porated an automated mass balance into the workflow that can
perform the initialization step and the gravimetric testing
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without human intervention, thus closing the loop of the opti-
mization of liquid handling parameters.

Our manual initialization step is based on a qualitative
approach to measure the time required to aspirate 1000 pL of
liquid by visual inspection. An alternative way to measure the
flow rate of liquid inside the pipette tip is to measure the mass
change of a reservoir of liquid on top of a mass balance during
the aspiration step. Based on this approach, the following
protocol was implemented using the rLine1000 setup. After
picking up a new tip, the robot moved the pipette into
a container with the specific viscous liquid placed on top of an in-
house built automated mass balance (see ESI Section S1.37 for
further details on the automated mass balance). The balance was
zeroed and started to record the mass of the vial for 10 s to
establish a baseline. As the balance was still recording, the
pipette was instructed to aspirate 1000 pL of the viscous liquid
using the default aspiration flow rate of 260 pL s '. Fig. 5
displays the mass change over time during the aspiration of 1000
uL for two liquids with viscosities of 204 (Fig. 5A top left) and
1275 cP (Fig. 5B top right). The mass decrease over time displays
an asymmetric S-shaped curve, where a sharp mass change is
observed at the start of aspiration and then it smoothly levels as
the aspiration of the liquid is close to completion. When the
shape of the curve between both liquids is compared, it can be
observed that the asymmetry of the curve increases with viscosity
leading to a more dampened mass change at the later stages of
aspiration for liquids with high viscosity.

A two-step protocol is used to get an approximated liquid
flow rate from the mass-time curve. First, during the aspiration
of the target liquid the protocol requires that recording

B. Viscosity standard
204 cP

Viscosity standard
1275 cP
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Fig.5 Mass versus time readings of automated mass balance for standards with viscosities of 204 cP and 1275 cP. (A) First step analysis where the
mass recording is stopped when the mass change is above —0.05 mg indicated by the red dashed line. It can be observed that the inherent noise
of the balance is amplified in the calculation of mass change for liquids with high viscosity. (B) A sinusoidal fitting is used to obtain accurate values
of rate of mass change. The time of aspiration is selected as the time window when the absolute value of the flow rate is larger than 5% of the

maximum value of the absolute flow rate observed during aspiration.
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automatically stop when the target volume has been fully
aspirated. As the live mass change is recorded by the automated
balance, the mass change (dm) with respect to time (¢) is
simultaneously calculated and used as a parameter to stop the
recording when this value reaches a threshold approaching zero
(Fig. 5 bottom). As can be observed in Fig. 5a, the mass readings
need to be smoothed with a Savitzky—-Golay filter to reduce the
impact of the noise of the mass measurements on the dm
calculation. The amount of filtering required increases with
viscosity since the rate of mass change will be inherently slower
for these liquids. However, our protocol must be agnostic to the
viscosity of the liquids thus a high filtering regime was imple-
mented in order to accommodate the procedure for high
viscosity liquids. Once the smoothed mass change surpasses
a preset threshold (—0.05 mg) represented by the dashed
vertical red lines in Fig. 5a, the measurement is considered
completed. This protocol tends to overestimate the time
required to aspirate the target volume as observed in Fig. 5a,
and the overestimation increases with decreasing liquid
viscosity. Another condition that can be used to assess if the
aspiration has finished is to stop recording once the total mass
difference is equal to or smaller than the density of the liquid.
This procedure would have the advantage of not overestimating
the time required to aspirate the target volume. However, air-
displacement pipettes are known to under-aspirate when
liquids denser than water are handled," making this condition
likely to lead to an infinite loop. Hence, in order to obtain an
accurate value of the time of aspiration for the target volume
a second step is required.

The objective of the second step is to obtain the time
required to aspirate 1000 pL from the recorded mass-time
curve. By fitting an asymmetric sigmoid function to the exper-
imental data we can obtain a smooth mass-time curve that
closely resembles the recorded data. As can be observed in
Fig. 5b, the sigmoid fit can be derived without concern of noise
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into a dm/d¢ curve and has smaller deviations from the experi-
mental data in comparison to the curves obtained through
Savitzky-Golay filtering. In this way we manage to circumvent
the overestimation of the time required to fully aspirate the
target liquid by the first step. Finally, we determined that the
time required to aspirate 1000 pL will be equal to the time where
the dm/dt value is equal to or smaller than 5% of the maximum
recorded dm/d¢ value since it represents approximately 99% of
the change of the output (i.e. mass) for a symmetric sigmoid
function. Full details of the data processing and a step-by-step
diagram of the automated initialization can be found in the
ESI (see Section S2.3).1

Once the initialization step is completed the optimization of
the liquid handling parameters is performed using the same
procedure described previously. The mass measurements
during the gravimetric testing of the exploration and optimi-
zation steps are automatically recorded using the mass balance,
the error associated with the transfers is calculated and the
MOBO algorithm suggests the new set of parameters to be
tested, all without human intervention. The fully automated
protocol was implemented to optimize the liquid handling
parameters for all four viscous liquid standards. A remarkable
observation was that the approximated flow rates obtained
through the measurement of mass change were very similar to
the flow rates obtained through visual inspection of the column
of liquid, further supporting our user initialized protocol (see
Fig. S7 of the ESIf). The performance of the liquid handling
parameters obtained through the fully automated protocol
matched or outperformed the parameters obtained through the
user initialized methods (Fig. 6). The only metric where the fully
automated protocol considerably underperformed was the
standard deviation of the transfer of 300 pL of the standard with
viscosity of 817 cP. However, this was not a metric that we were
set to minimize and further optimization iterations would likely
be able to discover parameters with an improved precision.
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Fig. 6 Summary of the performance of the best liquid handling parameters for all viscous liquid standards obtained through a fully automated
procedure using a Sartorius rLinel000 pipette. The absolute percent error and the percentage standard deviation for each volume transfer
represent the systematic error and random error of the parameters respectively. The green dotted lines are placed to mark the 5% absolute
standard deviation set as a mark for the optimization and the purple dotted lines represent the tolerance values reported by the manufacturers for
each volume transfer, except for the transfer of 300 puL where the dotted purple lines represent the values for the transfer of 500 and 1000 plL.
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Prospects and future directions

Considering that most automated air-displacement pipettes are
manufactured with the intention to transfer aqueous-like
liquids, we envision that this protocol could become
a common practice in labs using liquid handling automated
tools to verify and improve their liquid transfers. This would not
only give greater statistical confidence to their results but also
ensure the repeatability of their experiments. We believe that
fields of formulation, polymer, colloidal and biological sciences
would benefit the most by the adoption of this protocol. For
example, Chitre et al.® recently reported the development of an
automated tool that adjusts the pH of shampoo-like formula-
tions. However, the platform still requires a liquid handling
system that can accurately transfer the viscous reagents to
complete a self-optimizing loop. This drawback could be solved
by incorporating an automated air-displacement pipette that
uses our protocol to optimize the liquid handling parameters
for each of the viscous liquids required for the shampoo
fomulations. Beaucage and Martin™ recently published an
autonomous formulation platform to study colloidal and poly-
meric solutions. For their platform, the authors used an OT2
robot to prepare solutions containing the viscous colloids.
However, they limited their reagents to liquids with viscosities
in the order of 136 cP due to the loss of pipetting accuracy with
liquids with higher viscosities. Implementing our optimization
protocol could expand the design space for their colloidal
formulations. Finally, biological assays may involve the transfer
of viscous fluids (e.g. biological fluids, glycated liquids, surfac-
tants, oils, etc.) that currently rely on manual optimization of
the liquid handling parameters.''® Our protocol would benefit
by increasing the level of automation of these tasks and
improving the repeatability of the assays.

We also envision several avenues that could be explored to
further improve our optimization protocol. Future work on the
application of MOBO algorithms that can handle categorical
variables to add blowout steps could potentially increase the
accuracy of the transfers and would be able to obtain liquid
handling parameters for accurate transfer of liquids with even
higher viscosities. The transfer of non-Newtonian fluids was out
of the scope of this study, thus further research is required to
verify and improve the applicability of this protocol for the
transfer of this kind of liquids. We also believe that the ability of
air-displacement pipettes to accurately transfer liquids with
high viscosity will be limited and there will exist highly viscous
liquids that will not be suited for these tools even after opti-
mization. Further research and development of reliable and
accessible automated positive displacement pipettes is still
required to offer liquid transfer solutions for this sort of liquids.

Conclusions

Herein we described an optimization protocol that can be used
to obtain aspiration and dispense rates that can transfer New-
tonian liquids with viscosities as high as 1275 cP within 5% of
systematic error, while simultaneously minimizing the time
required to transfer the liquids. Our optimization protocol can

© 2024 The Author(s). Published by the Royal Society of Chemistry
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be applied irrespective of the liquid handling robot used, as
long as the aspiration and dispense rates of the equipment can
be controlled. We found that when the protocol was imple-
mented with a MOBO algorithm, it could match and outperform
the liquid handling parameters obtained through human-
driven optimization. In addition, the MOBO algorithm was
able to discover liquid handing parameters with similar
performance independent of the tool used, making it a reliable
and consistent protocol. Finally, we demonstrated that with the
addition of an automated mass balance the protocol can be
completely executed in a closed-loop framework with minimal
human intervention. We believe that this protocol will be
a significant tool for research in formulation science involving
viscous liquids, and ultimately will be used to fully automate
workflows and improve manpower efficiency.
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