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ABSTRACT: Cell-free synthetic biology biosensors have potential as effective in vitro diagnostic technologies for the detection of
chemical compounds, such as toxins and human health biomarkers. They have several advantages over conventional laboratory-
based diagnostic approaches, including the ability to be assembled, freeze-dried, distributed, and then used at the point of need. This
makes them an attractive platform for cheap and rapid chemical detection across the globe. Though promising, a major challenge is
scaling up biosensor manufacturing to meet the needs of their multiple uses. Currently, cell-free biosensor assembly during lab-scale
development is mostly performed manually by the operator, leading to quality control and performance variability issues. Here we
explore the use of liquid-handling robotics to manufacture cell-free biosensor reactions. We compare both manual and
semiautomated reaction assembly approaches using the Opentrons OT-2 liquid handling platform on two different cell-free gene
expression assay systems that constitutively produce colorimetric (LacZ) or fluorescent (GFP) signals. We test the designed protocol
by constructing an entire 384-well plate of fluoride-sensing cell-free biosensors and demonstrate that they perform close to expected
detection outcomes.
KEYWORDS: Cell-free biosensors, cell-free systems, point-of-use manufacturing, fluoride riboswitch, automation

■ INTRODUCTION
Environmental chemical hazards are a major global threat to
human and environmental health�affecting air, water, soil,
and food quality globally.1−5 Exposure to environmental
hazards leads to poor human health outcomes, such as asthma,
mental illness, birth defects, cancer, chronic illness, cardiovas-
cular disease, or death.6−10 Current technologies for assessing
environmental hazards often require laboratory facilities,
electronic devices, and technical expertise. Though a variety
of government organizations monitor contaminants, their
methods of detection often include analytical techniques
such as gas chromatography, liquid chromatography, and
mass spectrometry.11,12 Field-deployable technologies are
prone to similar user difficulties, requiring expertise in the
field or complex data analysis, with modern methods still using
electrical signals, chromatography, or spectroscopic devi-
ces.13−16 These types of detection methods are often
inaccessible to under-resourced locations and difficult to use

for individuals without technical expertise who would benefit
most from easy-to-use detection methods. Additionally, these
detection methods lack scalability in that detection reliant on
analytical devices is often not rapid and cannot be mass-
produced and distributed to individuals easily and cheaply.
Cell-free gene expression systems can be used as a powerful

strategy to cheaply create ready-to-use diagnostic devices that
are able to be freeze-dried and easily deployed at the point of
need.17−19 These sensors take advantage of cellular machinery
to detect small molecules and ions. Additionally, these
reactions are relatively shelf-stable, disposable, and biodegrad-
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able.20−25 Cell-free biosensors have demonstrated functionality
in field deployment applications, being used to detect copper
in water from California and fluoride levels in water from
Kenya and Costa Rica as well as for educational purposes in
high schools.26−29

In each of these studies, cell-free biosensors were
manufactured manually, and sensor quality was variable, with
reactions providing false positives and negatives, not turning
on as anticipated, or not showing reproducible behavior,26−29

motivating the need to develop approaches that can produce
easy-to-use field-deployable sensors with consistent quality at
scale. This is particularly important in cases where rapid
generation of these diagnostics is needed. Automated
approaches that incorporate robotic liquid handlers have the
potential to allow for higher numbers of sensors to be
manufactured with expected quality consistency across
production batches.30

Here we sought to adapt these automated approaches to
manufacture cell-free biosensors. We specifically chose the
Opentrons OT-2 device as a platform that is widely used across

biology to improve experimental workflows, with the added
advantage of its affordability compared to other robotics
systems. Additionally, Opentrons devices have a low barrier to
entry with a lower expertise requirement and the potential to
be easily deployed for site-specific manufacturing. To
investigate the use of the Opentrons OT-2 system for
biosensor manufacturing, we first characterized nonoptimized
robotic production compared to manual biosensor construc-
tion. We then developed an automated protocol to produce
hundreds of biosensor reactions for detecting fluoride, which
were confirmed to be functional with follow-on character-
ization. We anticipate that this strategy can be widely applied
to other biosensor systems and general cell-free system
applications, such as cell-free protein synthesis or cell-free
metabolic engineering, and can be further scaled to meet
application needs.

■ RESULTS
Automation can be used to improve reproducibility and
standardize processes within synthetic biology.30−33 Automa-

Figure 1. Characterization of manual and robotic construction of cell-free reactions. (A) Schematic of master mix reaction construction
methods for manual and automated approaches. (B) Representative example of the data processing method, where t1/2 and maximum signal are
calculated and stored for each kinetic curve (two shown) in a cell-free reaction population. (C) Schematic of constitutive LacZ expression
producing a colorimetric signal. (D, E) Violin plots showing (D) maximum colorimetric signal and (E) t1/2 values from constitutive LacZ-
producing reactions for n = 288 manual and n = 288 automated reactions. For each set of 288 reactions, three different experimenters constructed
96 of these reactions. (F) Schematic of constitutive T7 GFP expression producing a fluorescent signal. (G, H) Violin plots showing (G) maximum
fluorescent signal and (H) t1/2 values from constitutive GFP-producing reactions for n = 288 manual reactions and n = 288 automated reactions.
For each set of 288 reactions, three different experimenters constructed 96 of these reactions.
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tion workflows can be designed under a variety of regimes,
where the method of reaction construction can greatly affect
the manufacturing outcome. The first step of determining
automation best practices is the selection of manufacturing
regimes and factors that are best suited for process out-
comes.34−36 To determine this, we used two different methods
of reaction preparation: (i) manual reaction construction and
(ii) automated construction with an Opentrons OT-2 liquid-
handling robot. In addition, we explored two modes of
assembly: individual mix and master mix approaches. The
individual mix approach describes the process of transferring
each reaction component (DNA, cell extract, and reaction
buffer components) separately to their respective tubes. The
master mix configuration uses premixed components, where
the DNA, cell extract, and reaction buffer are combined and
then distributed into the reaction tubes. Individual mixtures
may allow for more flexibility of the reaction environment and
for component variation, while the master mix approach is
quicker and easier to carry out in bulk for reactions that are
compositionally consistent. For a small set of reactions created
by a trained experimenter, master and individual mix
approaches perform similarly; however, for “out of the box”,
unoptimized automated approaches, the individual mix
method leads to more failures, whereas the master mix
approach is closer to human performance (Supplemental
Figure 1).
This led us to adopt the master mix approach, as biosensor

reactions for a given target can be produced with a bulk
mixture to create reactions with homogeneous compositions.
To characterize robot performance at a larger scale before
optimization, we assessed the performance of over 288
manually constructed reactions (a total of 96 reactions carried
out by three different experimenters) and 288 robotically
constructed reactions using default settings (a total of 96
reactions carried out by three different experimenters) for two
different reporter systems, totaling 1152 reactions (Figure 1).
We employed different experimenters to assess whether
robotic construction could address variability in reaction
performance imparted by manual construction by multiple
individuals. Reaction master mixes were created manually and
then either placed on the Opentrons robot for distribution or
distributed by hand. Reactions were then lyophilized for 16 h
and characterized the next day after rehydration (Figure 1A).
Reactions were rehydrated manually, as opposed to using the
Opentrons, to demonstrate how they would be used in field
settings. To compare manual versus default robotic settings, we
used two metrics indicative of reaction performance: the
maximum signal and the time to reach half of the maximum
signal (t1/2) (Figure 1B).
To test the effects of different reporter systems, we

constructed cell-free reactions that constitutively expressed
either a LacZ enzymatic reporter that produces a colorimetric
signal or a superfolder green fluorescent protein (sfGFP)
reporter that produces a fluorescent signal (Figure 1C,F). For
the enzymatic reporter, nonoptimized automated protocols
showed significant differences in t1/2 when compared across
manual and automated construction approaches with non-
significant differences in the maximum signal (Figure 1D,E).
Alternatively, for the fluorescent protein reporter, we observed
that t1/2 characterization showed no significant differences
between automated and manual approaches, but the variance
in the maximum signal was significantly different between
these conditions (Figure 1G,H). Overall, this shows that

kinetic properties were retained well for a fluorescent reporter,
where variations mostly occur for the maximum signal
response metric. For enzymatic reporters, the opposite was
true, perhaps because the dye concentration thresholds the
maximal signal that can be generated by these reactions.
Additionally, t1/2 and maximum signal have a poor linear
correlation with each other (Supplemental Figure 2). Overall,
these results demonstrate differences in robotic and human
performance for different reporter systems. Additionally,
robotic systems do not inherently improve the reaction
consistency issues imparted by multiple experimenters when
using unoptimized robot settings. This is further demonstrated
when assessing reaction performance separately based on
experimenter (Supplemental Figure 3). These findings were in
part due to the number of reactions that were not dispensed or
dispensed at wrong volumes in the automated setup. This also
demonstrates the importance of characterizing automation and
system failure modes in determining optimization strategies.
Because of the inconsistency in reaction performance using

default robot settings, we developed a protocol to improve
both reaction quality and reduce the burden of manual scale-
up (Figure 2A). Because the reactions are viscous, we found
that a variety of robot settings have effects on the master mix
distribution into tubes, including the dispense and aspirate
rates, number of mixes, volume of mixing, liquid blowout
height, touch tip height, and dispense heights. Blowout, an
Opentrons command, refers to the process of pushing air from
the pipet after dispensing to remove excess liquid, while
another Opentrons command called touch tip touches the
sides of the reaction vessel walls to remove excess liquid that
may remain on the tip after blowout. We observed that without
modifying these robotic parameters, the reaction easily
bubbled and got stuck in the pipet tips, causing aspiration
errors for subsequent reactions. We saw that the use of
blowout and touch tip commands allows the excess liquid to be
removed and imparted into the reaction tubes. This also
reduced issues with aspirating the correct liquid volume due to
reaction accumulation. To further help remediate this issue, we
included more tip changes to prevent accumulation of the
reaction in the tips. We found that the combination of lower
dispensing heights and dispense rate, blowing out excess cell-
free expression (CFE) mix, and using the touch tip function
allowed for better distribution.
To test this protocol, we constructed 384 fluoride riboswitch

reactions and characterized subpopulations of these reactions
with sodium fluoride (NaF) concentrations of 0, 0.25, and 1
mM (Figure 2B). The protocol can construct this number of
reactions in approximately 30 min, with the user swapping out
96-well PCR plates. This substantially reduces the experi-
menter burden compared to manually constructing the
reactions. The fluoride riboswitch populations were then
assessed based on maximum signal after lyophilization. All
reactions were successfully dispensed in this process, compared
to previous experiments where automation sometimes missed
dispensing reactions and was a common mode of reaction
failure (Figure 1 and Supplemental Figures 1−3). From these
results, we observed that sensor populations followed a more
consistent distribution pattern compared to the preoptimized
distributions (Figure 2C). Additional analysis showed that 65%
of the 384 reactions turned on when exposed to 0.25 or 1 mM
NaF, compared to 67% of the 384 reactions expected to turn
on in the presence of NaF (Figure 2D). Previous work has
shown that a fluorescence level of 0.5 μM fluorescein
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isothiocyanate (FITC) calibrated signal is visible by eye with a
detection device.27 Therefore, we investigated the number of

reactions that met this condition (Figure 2D). Here we
expected that the third of the 384 reactions exposed to 1 mM

Figure 2. Characterization of robotic performance for constructing cell-free fluoride riboswitch biosensors. (A) Schematic of the
semiautomated workflow for constructing hundreds of biosensor reactions using the Opentrons robotic device. (B) Schematic of the fluoride
riboswitch biosensor mechanism. (C) Violin plot of maximum signal for n = 384 biosensor reactions. Three concentrations of fluoride were used to
rehydrate the reactions distributed among 96-well plates using an interleaved-signal format to account for distribution effects. Average signal and
standard deviation are shown in the plot for each condition. (D) Classification of reaction performance compared to expected performance using
two different performance criteria. The first criterion represents the fraction of reactions that are expected to have a signal value higher than the
maximum signal of the zero NaF condition, which are the 0.25 nM and 1 mM NaF conditions. The second criterion is used for biosensor field
deployment metrics, where fluorescence can be visualized with a hand-held device when the signal is above 0.5 μM FITC. Here it is expected that
only 1 mM NaF should meet this criterion.
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NaF (33%) would reach the visualizable threshold and achieve
a visualizable signal in 31% of the 384 reactions. Overall, we
observed a reaction performance that was in line with the
expected performance in reactions distributed by the Open-
trons OT-2 device.

■ DISCUSSION
There is a need to easily and accessibly scale up the production
of cell-free systems such as cell-free biosensors for point-of-use
applications. Here we present an approach that addresses this
need by integrating easy-to-use robotics protocols to automate
the assembly of reactions that can be freeze-dried in bulk
before use by simple rehydration. We demonstrate this scale-
up using the fluoride riboswitch, which has been previously
deployed for point-of-use studies in Kenya and Costa Rica,28,29

showing that our approach can assemble hundreds of reactions
that perform as expected.
We also found that automation does not necessarily improve

process variability without optimization of the specific system.
So, while automation may aide in scaling up, it is beneficial to
optimize around quality control metrics and understand the
limitations and failure modes of each system. We believe that
the work carried out in this study demonstrates the process
with which to determine and characterize constraints of cell-
free systems upon integration with automation.
The tools described in this study can be adapted to a variety

of cell-free reaction regimes, with the protocol designed to
distribute reactions for 12 96-well plates at a time before
needing to be restarted. This allows for producing upward of
thousands of reactions, likely needing few modifications to the
approach depending on the Opentrons device and experi-
menter needs. As applications of cell-free manufacturing and
biosensing become more realized, the ability to produce this
scale of reactions in benchtop settings or lower-resourced
environments becomes enabling.37−40 A particular selling point
of the Opentrons device is that it can be easily relocated and
started up, which furthers applications for accessible point-of-
use diagnostics production. This automated approach has the
potential to reduce user error from manual methods that can
have a large effect on batch-to-batch variation and can lead to
consistent and expected experimental population behavior for
the fluoride riboswitch.41,42

To optimize the system, we needed to assess parameters that
affect robotic performance when pipetting viscous liquids. As
such, mixing rates, liquid blowout height, tip touch height, and
swapping out multichannel pipet tips were all considered as
factors that can be adjusted to reduce reaction failures and
misfiring. It is important to consider these aspects when
porting the protocol to other systems, and these parameters
may be tuned depending on Opentrons device differences,
software versions, and reaction compositions. Additionally, it
should be noted that rehydration procedures can also influence
reaction outcomes, as they involve pipetting steps that can be
subject to variability.
To facilitate adoption of this approach, we provide detailed

protocols and Opentrons operation code that implements the
procedures described here. Our goal of this protocol is for it to
serve as an accessible starting point to produce cell-free
reactions at scales that match many application needs.

■ MATERIALS AND METHODS
Plasmids. For pT7 sfGFP synthesis, pJL1 (Addgene no.

69496) was used. For pY71-LacZ gene expression, a new
plasmid was constructed. Plasmid pJBL3752 (Addgene no.
128809) was used for fluoride detection. Sequences for
plasmids can be found in Supplemental Table 1.

E. coli Lysate Production. Lysate preparation was carried
out using E. coli BL21(DE3)* for extract used in the fluoride
riboswitch experiments and a Rosetta 2(DE3) ΔlacZα E. coli
strain for the analysis in Figure 1. Preparation for E. coli
BL21(DE3)* extract was carried out using methods previously
published.43 Briefly, BL21(DE3)* cells were plated on agar,
and a single colony was cultured overnight and then inoculated
into 1 L of 2× YT + P media, composed of 16 g of tryptone, 10
g of yeast extract, 5 g of NaCl, 7 g of potassium phosphate
dibasic, and 3 g of potassium phosphate monobasic. Cells were
then grown with shaking at 220 rpm at 37 °C and harvested at
an OD600 of 3.0, after approximately 4 h. Once an OD600 of
3.0 was reached, the cells were processed in accordance with
the previous protocol up through dialysis.43 A 100 L culture of
Rosetta 2(DE3) ΔlacZα cells was processed for lysate
production similar to the BL21(DE3)* lysate production
mentioned previously but with modifications to accommodate
production at scale. Briefly, 750 mL starter cultures (1.5 L
total) were grown for 16 h at 37 °C with 200 rpm shaking
incubation. Prior to inoculating 100 L of 2× YT + P culture
media supplemented with 5 mL of antifoam 204 (Sigma,
A8311) in an IF 150 L (New Brunswick Scientific) fermenter,
the media was allowed to aerate overnight with a rotor speed of
100 rpm and 20 standard liters per minute (slpm) airflow at 37
°C. After inoculation with enough overnight culture to yield a
starting OD600 of 0.05, the fermenter settings were adjusted to
300 rpm and 50 splm, and the dissolved oxygen (DO) was
calibrated to 100%. At an OD600 of 0.6−1.0, the culture was
induced with a final concentration of 1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) (GoldBio, I2481C). Once the
DO reached 50%, the rotor speed was increased to 500 rpm. At
an OD600 of 3.5, the culture was cooled to 4 °C and
centrifuged in a prechilled Powerfuge pilot 1.1 L bowl system
(CARR Biosystems) within approximately 8 h, and the pelleted
bacteria was subsequently processed as described previously.43

Constitutive Cell-Free Reaction Assay. Reaction master
mix for pT7-sfGFP and pY71-LacZ constitutive expression was
carried out using a Cytomim master mix optimized by Cai et
al., which contains 8 mM magnesium glutamate, 260 mM
potassium glutamate, 1.26 mM AMP, 0.86 mM GMP, 0.86
mM UMP, 0.86 mM CMP, 4 mM oxalic acid, 2 mM L-
glutathione, 1.5 mM spermidine, 9.2 mM potassium phosphate
dibasic, 5.8 mM potassium phosphate monobasic, 2 mM
amino acids, and 1 mM tyrosine.44 The 11 μL reactions were
assembled using 4.4 μL of Cai master mix, 3.3 μL of cell
extract, and 3.3 μL of water with DNA concentrated to 15 nM
in the complete reaction. For LacZ reporter reactions, 12.5
mM chlorophenol red β-D-galactopyranoside (CPRG) was also
added to the water component of the reaction to a final volume
of 0.88 μL (1 mM concentration). Cell-free reactions were set
up for 96 and 11 μL reactions, with 20% dead volume for a
total of 1267 μL volume scaled proportionally to the volumes
of individual reaction components listed above.
Cell-free expression reactions were carried out manually or

using the default Opentrons OT-2 settings. For manual
expression, a master mix containing the above components
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was made and hand-mixed 20 times using a p1000 pipet set to
half the total volume (633 μL). The master mix was then
distributed into 11 μL aliquots using a p20 pipet into 96 PCR
tubes on ice. For robotic distributions, the master mix was
made by hand without mixing and then placed on an
Opentrons 24 1.5 mL tube rack. The robot was then made
to mix the reaction 20 times at default rates using the
Opentrons p1000 pipet attachment. The robot then dis-
tributed 11 μL of this master mix into 96 PCR tubes on a
cooling module set to 4 °C using a p20 pipet attachment.
This process was completed by three separate experimenters

using the same manual and automated protocol (see Data
Analysis Code and Statistics). Once reactions were completed,
they were immediately frozen with liquid nitrogen and placed
on a Labconco FreeZone 2.5 L −84 °C benchtop freeze-dryer
for 16 h. Immediately after lyophilization, reactions were
rehydrated with 11 μL of water using a multichannel pipet,
spun down, mixed 20 times by hand, and plated on a 384-well
plate. CPRG reporter reactions were then read at absorbance
585 nm wavelength at 5 min intervals for 480 min. Fluorescent
reporter reactions were monitored using excitation/emission
485 nm/520 nm at 5 min intervals for 480 min. All reactions
were analyzed at 30 °C.
Fluoride Riboswitch Cell-Free Reaction Assay. Cell-

free reactions for the fluoride riboswitch were carried out using
a modified phosphoenolpyruvate, amino acids, NAD+, and
oxalic acid (PANOx)45 reaction system with salt solution
containing 8 mM magnesium glutamate, 10 mM ammonium
glutamate, and 130 mM potassium glutamate; transcription
master mix with 1.2 mM ATP, 0.850 mM GTP, 0.850 mM
UTP, 0.850 mM CTP, 72 μM folinic acid, and 0.171 mg/mL
tRNA; amino acids solution with 2 mM amino acids; energy
solution of 30 mM PEP; and cofactor solution with 0.33 mM
NAD, 0.27 mM CoA, 4 mM oxalic acid, 1 mM putrescine, 1.5
mM spermidine, and 57 mM HEPES.43 The 11 μL reactions
were assembled using 3.3 μL of PANOx master mix, 3.3 μL of
cell extract, and 4.4 μL of fluoride riboswitch DNA diluted in
water to a final reaction concentration of 15 nM. The reactions
were constructed using the master mix approach, where a bulk
solution of 6083 μL was generated, including a 20% dead
volume adjustment for robotic procedures. This reaction was
then manually distributed in the first row of 2 mL 96 deep-well
blocks with 760 μL of reaction in each well. This 96-well block
was then placed on the Opentrons OT-2 platform for use by
the protocol (see Data Analysis Code and Statistics). The
Opentrons OT-2 platform configuration is shown in
Supplemental Figure 4. The reactions were distributed in 11
μL aliquots into 96-well PCR plates and kept on ice after
distribution until all plates were completed, for a total of four
plates. These plates were then simultaneously immersed in
liquid nitrogen on 96-well aluminum PCR tube blocks and
immediately placed on a Labconco FreeZone 2.5 L −84 °C
benchtop freeze-dryer for 16 h using a four-shelf lyophilization
chamber. Immediately after lyophilization, the reactions were
manually rehydrated with a multichannel pipet the next day
with the indicated concentrations of NaF using an interleaved-
signal format to account for positional effects further described
in Supplemental Figure 5. The reactions were then monitored
using excitation/emission 485 nm/520 nm at 5 min intervals
for 10 h at 30 °C. To normalize the sfGFP signal, we used a
NIST traceable fluorescein standard (Invitrogen F36915) and
referred to this calibration as mean equivalent fluorescence
(MEF) μM FITC throughout.

Data Analysis Code and Statistics. JMP Pro 16 was used
to carry out nonparametric statistical analysis for data gathered
in Figures 1 and 2. Additionally, Python code for data analysis
can be found at https://github.com/LucksLab/Brown_
Phillips_Semi-Automated_Biosensor_Manufacturing_2024/
tree/main with instructional and layout information on how to
structure and carry out the Opentrons protocols found in
Figure 2 (Supplemental Figures 4 and 5). Opentrons protocols
are available and annotated in the Supporting Information.

■ ASSOCIATED CONTENT
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All data presented are available alongside code for analysis and
Opentrons operation at https://github.com/LucksLab/
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2024/tree/main. Python code for data analysis as well as
Opentrons protocols can be found at https://github.com/
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