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Abstract 

DNA templates for protein production remain an unexplored source of variability in the performance of cell-free expression (CFE) 
systems. To characterize this variability, we investigated the effects of two common DNA extraction methodologies, a postprocessing 
step and manual versus automated preparation on protein production using CFE. We assess the concentration of the DNA template, the 
quality of the DNA template in terms of physical damage and the quality of the DNA solution in terms of purity resulting from eight DNA 
preparation workflows. We measure the variance in protein titer and rate of protein production in CFE reactions associated with the 
biological replicate of the DNA template, the technical replicate DNA solution prepared with the same workflow and the measurement 
replicate of nominally identical CFE reactions. We offer practical guidance for preparing and characterizing DNA templates to achieve 
acceptable variability in CFE performance.
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1. Introduction
Cell-free expression (CFE) increasingly impacts biomanufacturing 
as an enabling in vitro tool. At the state of the art, for exam-
ple, CFE can provide a high-throughput platform for on-demand 
biomanufacturing of therapeutics (1–11), rapid prototyping of 
genetic circuits (12–17), expansion of the genetic toolbox (18–23) 
and development and optimization of biological sensors (24–27). 
CFE systems leverage isolated and purified cellular components 
(28, 29) or cell extracts containing native transcription and trans-
lation machinery (30), in an open reaction environment that facil-
itates the direct addition of enzymes, cofactors, energy molecules 
and recombinant DNA templates (31). Systems made from the 
extract of lysed Escherichia coli cells remain the most common 
model system for CFE and can be purchased commercially from a 
variety of vendors. The synthesis of a fluorescence reporter, such 
as enhanced green fluorescence protein (eGFP), typically serves to 
test the performance of a CFE system with regard to its ability to 
manufacture a protein of interest (32).

Despite the utility and growing popularity of CFE, variability 
in reaction performance remains a common and persistent chal-
lenge (33). To begin to address this challenge, researchers have 
called for shared protocols and methods containing best prac-
tices for typical CFE systems—along with improvements in data 
accessibility, sharing expertise across laboratories and methods 
and tools for measuring individual components and whole CFE 
systems throughout a typical workflow (32, 33). While some vari-
ability may be attributed to the inherent complexity of biological 
systems, studies increasingly explore aspects of this challenge to 
characterize and improve reproducibility. For example, one study 

investigated the native bacterial transcription machinery in E. coli-
based CFE systems to quantify how common extract preparation 
methods affect extract functionality and performance (34). Other 
work examined batch-to-batch variability between CFE reactions 
when extract preparation methods and lysate composition were 
held constant (35) and evaluated the impact of subsequent vari-
ations on RNA circuit characterization (17). Exploration of the 
variability in transcription and translation in both lysate-based 
and reconstituted CFE systems revealed that greater variability 
was present in transcription rather than translation (36). Variabil-
ity within experimental replicates of CFE was reduced by opti-
mizing extract preparation, solubilizing master mix components 
and improving the mixing of reaction components (37). Finally, 
interlaboratory studies quantified the effects of the source and 
preparation of the cell extract, the composition of the supple-
mental reaction buffer, the facility at which experiments were 
conducted and the human operator on variability in CFE (38) 
and identified the site and operator as significant contributions 
to variability. Missing from these studies, variability in protein 
production resulting from the DNA template remains unexplored.

CFE relies on high-concentration, intact and biologically active 
DNA templates for in vitro protein production (33, 39, 40), and 
common methods to prepare DNA templates may impact the vari-
ability in protein titer and the rate of protein produced by the CFE 
reaction for many reasons. DNA preparation techniques, such as 
those using spin columns or magnetic beads to extract DNA from 
cells, may yield damaged templates, due to vigorous pipetting, 
vortexing or centrifugation, as well as a DNA solution contami-
nated with phenol, salts, RNA, proteins or polysaccharides (41, 42). 
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Commercial DNA preparation kits, which vary in size based on 
the volume of the bacterial culture and the desired DNA yield, 
may produce DNA of inconsistent quality, with time-consuming 
midiprep and maxiprep kits preferred anecdotally over more rapid 
minipreps (33, 43). While the additional polymerase chain reaction 
(PCR) cleanup of the extracted DNA template has led to greater 
protein titer compared to unpurified templates (39), this postpro-
cessing step is not performed routinely. Elution of DNA templates 
in buffer instead of water, as recommended by many DNA extrac-
tion kits, can adversely affect the carefully controlled buffering 
capacity of CFE systems, contributing further to variability in 
protein production (39, 40). Rapid DNA quantitation using spec-
trophotometry, without proper calibration, can yield less accurate 
measurements of stock DNA concentration than values obtained 
using fluorometry; this can potentially lead to an unknown and 
inappropriate concentration of DNA in the CFE reaction, affect-
ing protein production. Storage of the prepared DNA templates, 
especially at temperatures below 4∘C and for periods longer than 
1 week, can lead to DNA molecules adhering to the walls of the 
storage container and reduced concentration of DNA in the CFE 
reaction (33, 40).

Automation is increasingly integrated into engineering biol-
ogy and biomanufacturing workflows, in part because it may 
reduce variability by removing the human element from the biol-
ogy workflow (44). For example, automation can improve pipetting 
precision and accuracy during liquid handling steps (45). Automa-
tion can also reduce contamination by decreasing the number of 
manual handling steps during sample preparation (44). Automa-
tion enables the collection of large datasets and identification of 
previously uncharacterized sources of variability (45). CFE systems 
are amenable to automated workflows with common biofoundry 
equipment (45, 46), such as automation accessible to academic 
institutions through the use of community biofoundries and cloud 
laboratories (47, 48). Several recent examples highlight the utility 
of acoustic liquid handlers for high-throughput, low-volume CFE, 
including semi-automated workflows for prototyping and charac-
terizing gene expression elements in nonmodel CFE systems (49). 
Despite these apparent advantages, the ability for automation to 
reduce variability in CFE workflows remains uncharacterized.

Here, we explore the effects of DNA template preparation on 
CFE in the first study of its kind. We measure the concentra-
tion of the DNA template and assess the physical damage to 
the DNA template and purity of the DNA solution resulting from 
eight DNA preparation workflows. We focus on two common DNA 
extraction methodologies: one that utilizes filter columns in a 
bind–wash–elute process to prepare plasmid DNA and a magnetic-
bead-based approach that lacks centrifugation-dependent steps. 
We evaluate the effects on the quality of the DNA template of 
removing contaminants, such as denatured proteins, genomic 
DNA and cellular debris from the extracted DNA solution through 
a postprocessing step. We quantitate the concentration of the pre-
pared DNA in solution using a fluorometric measurement, assess 
contamination in the DNA solution using spectrophotometry and 
visualize physical damage to the DNA template with gel elec-
trophoresis. We assess the variance in protein titer and rate of 
protein production in the CFE reactions containing DNA prepared 

with eight DNA preparation workflows. We use biological, techni-
cal and measurement replicates to isolate and measure sources of 

variance. To address the growing interest in automating CFE proto-
cols for high-throughput applications and to explore the effects of 
the human element on variation in titer and rate of protein pro-
duced, we compare manual workflows to workflows automated 
using biofoundry equipment.

2. Materials and methods
A detailed description of the protocol used for this work can be 
found elsewhere (40).

2.1 Instrument calibration
To characterize and reduce instrument noise, we calibrated all 
laboratory equipment on the day of use, including incubators used 
for cell growth, the plate reader used to measure concentration 
of DNA templates resulting from each DNA preparation workflow 
and eGFP produced by the CFE reactions, and the automated liq-
uid handler used for all automated workflows (SI Figures S2–S5 
and S8–S10). To improve the pipetting accuracy and precision of 
our automated liquid handler, custom liquid classes were devel-
oped (SI Table S1) using a gravimetric approach with the Hamilton 
Liquid Verification Kit (Hamilton Robotics, 95843-01) for: QIAGEN 
buffers P1, P2, N3, PB and PE; Omega Bio-tek buffers Solution I, 
Solution II, N3, ETR Bind, ETR Wash, VHB Wash and SPM; PureLink 
buffers B2 and W1; Quant-iT Broad-Range double-stranded DNA 
(dsDNA) working solution and λ DNA standards and nuclease-free 
water.

Benchtop incubators were calibrated for temperature using a 
traceable digital bottle thermometer (Traceable Products, 4426 
or 4428). The fluorescence plate reader was calibrated in three 
ways. First, we verified the alignment of the optics, sensitivity 
of the instrument, the linearity of the signal and leveling of the 
plate carrier in a pass–fail measurement using the Biotek Fluo-
rescence Test Plate (BioTek Instruments, Inc., 1400501). Second, 
to identify the systematic bias in fluorescence for measurements 
of DNA concentration, we prepared three internal calibration 
standards in 96-well plates (Greiner Bio-One, 655096): a blank 
plate with empty wells, a nuclease-free water plate with 200 μl 
of nuclease-free water in each well and a fluorescein plate with 
200 μl of 10 nmol/l of National Institute of Standards and Tech-
nology (NIST) traceable fluorescein (Thermo Fisher Scientific, Inc., 
F36915) in each well. Plates were sealed with an aluminum foil 
seal (Beckman Coulter, 538619) and centrifuged at 2500 g for 15 s 
to ensure that all the liquid was at the bottom of the wells. 
The aluminum foil was removed prior to imaging at room tem-
perature with excitation and emission wavelengths of 485/20 nm 
and 528/20 nm, respectively. Third, to identify systematic bias 
in the fluorescence for measurements of eGFP produced by the 
CFE reactions, we prepared three internal calibration standards 
in 384-well plates (Greiner Bio-One, 781892): a blank plate with 
empty wells, a nuclease-free water plate with 15 μl of nuclease-
free water in each well and a fluorescein plate with 15 μl of 1 μmol/l 
of NIST traceable fluorescein in each well. Plates were sealed with 
a low-autofluorescence seal (Thermo Fisher Scientific, 232701) and 
centrifuged at 2500 g for 15 s to ensure that all the liquid was at 
the bottom of the wells. Plates were imaged at 30∘C with exci-
tation and emission wavelengths of 485/20 nm and 516/20 nm, 
respectively. Maintenance of the Hamilton STAR automated liquid 
handler was performed using a ‘Daily maintenance’ script in the 
‘Microlab STAR Maintenance & Verification’ application and the 
maintenance 96 Total Aspiration and Dispense Monitoring (TADM) 
tool (Hamilton Robotics, 199199101). The performance of the pos-
itive pressure module of the Hamilton STAR automated liquid 
handler was verified using a custom script that rinsed the mani-
fold with water and cycled through a range of pressures to ensure 
optimal performance.

2.2 Cell culture
For this work, we used a circular DNA template, pBEST-OR2-OR1-
Pr-UTR1-deGFP-T500 (SI Figure S1), with a modified bacteriophage 
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Lambda Cro promotor, ampicillin resistance gene, eGFP gene and 
T500 transcriptional terminator (50). This DNA template has pre-
viously served as a positive control plasmid for the myTXTL CFE 
system (51) and produces a strong fluorescence signal around an 
emission wavelength of 488 nm. pBEST-OR2-OR1-Pr-UTR1-deGFP-
T500 was a gift from Vincent Noireaux (Addgene plasmid #40019; 
http://n2t.net/addgene:40019; RRID:Addgene_40019).

Briefly, the bacterial stab containing pBEST-OR2-OR1-Pr-UTR1-
deGFP-T500 was streaked across LB (Luria-Broth) agar ampicillin 
(100 ug/mL) culture plates, and the plates were incubated at 30∘C 
for 16 h. Starter liquid culture was prepared in 14-ml culture tubes 
(Fisher Scientific, 14-959-11B) by inoculating 5 ml of rich M9 media 
(3 g/l KH2PO4, 6.78 g/l Na2HPO4, 0.5 g/l NaCl, 1 g/l NH4Cl (Millipore 
Sigma M6030-1 KG), 0.1 mmol/l CaCl2 (Millipore Sigma, 21115), 
2 mmol/l MgSO4 (Millipore Sigma, 230391), 4% glycerol (Thermo 
Fisher Scientific, Inc., 15514011) and 20 g/l casamino acids (Mil-
lipore Sigma, 2240-500GM)) supplemented with 100 μg/ml ampi-
cillin (Millipore Sigma, A0166) with a single colony. In this study, 
each single colony of E. coli containing pBEST-OR2-OR1-Pr-UTR1-
deGFP-T500 was considered its own biological replicate and, there-
fore, a biologically distinct sample (52). Starter liquid culture was 
incubated at 30∘C with 300 RPM shaking for 20 h or until the opti-
cal density at 600 nm (OD600) of each culture was between 4.0 and 
4.5. Eight starter liquid cultures, each from a different colony, were 
grown, and the five with the highest OD600 were chosen for further 
growth. Each of these five starter liquid cultures was grown into a 
large liquid culture, giving five biological replicates for the exper-
iment. Each large liquid culture was prepared in 250-ml culture 
flasks by inoculating 120 ml of rich M9 media supplemented with 
100 μg/ml ampicillin with 120 μl of starter liquid culture. Large liq-
uid cultures were incubated at 30∘C with 300 RPM shaking for 24 h 
or until OD600 of each culture was between 9.0 and 10.0. Cells 
were cooled to 4∘C for 15 min to stop growth and then aliquoted 
using an automated liquid handler into 96-well plates (Eppendorf, 
951033405) for automated DNA preparation workflows and 2-ml 
microcentrifuge tubes (CELLTREAT Scientific Products, 229446) for 
manual DNA preparation workflows. These aliquots or technical 
replicates were used as repeated measurements of the same bio-
logical sample (52). A total of 200 technical replicates of liquid 
culture were prepared for this study, including 100 tubes and 100 
wells across two 96-well plates. This constituted 40 technical repli-
cates of each biological replicate, 20 in tubes and 20 in wells. Cells 
were pelleted by centrifugation at 4500 g for 15 min at room tem-
perature. Supernatant was removed from the 96-well plates by 
aspiration using an automated liquid handler and from the tubes 
by inverting the tubes by hand over a waste container. Pelleted 
cells were frozen at −20∘C overnight.

2.3 DNA preparation workflows
DNA solutions were prepared with eight DNA preparation work-
flows (MFP-, MFP+, MBP-, MBP+, AFP-, AFP+, ABP- and ABP+) 
that explored two sample preparation methodologies (manual and 
automated), two DNA extraction methodologies (filter column 
or plate and magnetic bead) and the presence or absence of a 
postprocessing step (Figure 1).

MFP- workflow: manual filter column-based DNA extrac-
tion using the QIAprep Spin Miniprep kit (QIAGEN, 27106) 
without additional postprocessing The QIAGEN QIAprep Spin 
Miniprep kit was chosen to investigate previous inconsistent 
results in the concentration of DNA and quality of the DNA, both 
in terms of physical damage to the DNA template and purity of 
the DNA solution, prepared with miniprep kits, as opposed to midi 

and maxi prep kits (33); this kit uses filter columns in a bind–
wash–elute procedure. Buffers P1 and PE were prepared according 
to manufacturer’s instructions. Buffer N3 was cooled to 4∘C for 
at least 30 min and kept on ice for the duration of the workflow. 
Nuclease-free water for DNA elution was warmed to 65∘C for at 
least 30 min and kept at that temperature in a dry bath for the 
duration of the workflow.

Pelleted cells were removed from −20∘C and allowed to come 
to room temperature. Cells were resuspended with 250 μl of Buffer 
P1 by vortexing and pipetting. Resuspended cells were lysed with 
250 μl of Buffer P2, and the contents of each tube were mixed by 
inverting the tubes 10 times. Lysed cells were neutralized with 
350 μl of cold Buffer N3, and the contents of each tube were mixed 
by inverting the tubes 20 times. Neutralized cells were incubated 
on ice for 5 min and then centrifuged for 30 min at 18 000 g to 
pellet the cell debris. A total of 700 μl of clear supernatant was 
transferred to each QIAprep 2.0 spin column, which was then cen-
trifuged at 18 000 g for 1 min. The flow through was discarded. 
A total of 500 μl of Buffer PB was added to each spin column, 
and the spin columns were centrifuged at 18 000 g for 1 min. The 
flow through was discarded. A total of 750 μl of Buffer PE was 
added to each spin column, and the spin columns were cen-
trifuged at 18 000 g for 1 min. The flow through was discarded. The 
spin columns were dried by centrifugation at maximum speed for 
1 min. DNA was eluted from the spin columns into DNA LoBind 
tubes (Eppendorf, 022431021) by adding 55 μl of nuclease-free 
water at 65∘C to the center of each spin column. Spin columns 
were incubated for 5 min and centrifuged 18 000 g for 1 min. Eluted 
DNA was stored at 4∘C for up to 1 week.

MBP- workflow: manual magnetic bead-based DNA extrac-
tion using the Mag-Bind Ultra Pure Plasmid DNA 96 kit 
(Omega Bio-tek. Inc., M1258-01) without additional post-
processing The Omega Bio-tek Mag-Bind Ultra Pure Plasmid DNA 
96 kit was chosen for its lack of centrifugation-dependent steps 
and associated high shear forces that may lead to breakage, espe-
cially for larger plasmids and genomic DNA; this kit uses magnetic 
beads to selectively bind DNA from other cellular components. 
Solution I, VHB Buffer and SPM Wash Buffer were prepared accord-
ing to manufacturer’s instructions. N3 Buffer was cooled to 4∘C for 
at least 30 min and kept on ice for the duration of the workflow. 
Nuclease-free water for DNA elution was warmed to 65∘C for at 
least 30 min and kept at that temperature in a dry bath for the 
duration of the workflow.

Pelleted cells were removed from −20∘C and allowed to come to 
room temperature. Cells were resuspended with 250 μl of Solution 
I by vortexing and pipetting. Resuspended cells were lysed with 
250 μl of Solution II, and the contents of each tube were mixed 
by inverting the tubes 10 times. Lysed cells were neutralized with 
125 μl of cold N3 Buffer, and the contents of each tube were mixed 
by inverting the tubes 20 times. Neutralized cells were incubated 
on ice for 5 min and then centrifuged for 30 min at 18 000 g to 
pellet the cell debris. A total of 500 μl of clear supernatant was 
transferred to 2.0-ml microcentrifuge tubes (CELLTREAT Scientific 
Products, 229 446). A total of 500 μl of ETR Binding Buffer and 30 μl 
of MagBind Particles RQ were added to each microcentrifuge tube. 
Tubes were vortexed for 10 s to mix the contents and incubated 
for 5 min at room temperature. The tubes were transferred to 
the magnetic separation rack (New England Biolabs. Inc., S1509S) 
and incubated for 5 min to clear the beads. The clear supernatant 
was aspirated and discarded. Beads were washed with ETR Wash 
Buffer, by adding 500 μl of buffer to each tube and vortexing the 
tubes for 6 s to resuspend the beads. The tubes were transferred 

D
ow

nloaded from
 https://academ

ic.oup.com
/synbio/article/7/1/ysac015/6664141 by N

ational Institutes of Standards (N
ist) user on 21 July 2023

http://n2t.net/addgene:40019


4 Synthetic Biology, 2022, Vol. 7, No. 1

Figure 1. Experimental design. This study, characterized the effects of DNA template preparation on variability in eGFP produced by the myTXTL E. 
coli-lysate-based CFE system. (A) E. coli cells containing the pBEST-OR2-OR1-Pr-UTR1-deGFP-T500 plasmid were grown from individual colonies in large 
liquid cultures. Plasmids were extracted using eight different DNA preparation workflows. The resulting DNA solutions were used to prepare CFE 
reactions that produced eGFP upon incubation at 30∘C. (B) Each cell culture was divided (split) to perform eight different DNA preparation workflows 
(MFP-, MFP+, MBP-, MBP+, AFP-, AFP+, ABP- and ABP+) that explored two sample preparation methodologies (manual and automated), two DNA 
extraction methodologies (filter column or plate and magnetic bead) and the presence or absence of a postprocessing step. The concentration of the 
DNA in the prepared DNA solutions was quantified using fluorometry, and the purity of the DNA solutions were measured using UV 
spectrophotometry. Physical damage to the DNA template was assessed using gel electrophoresis. (C) CFE reactions were assembled in PCR tubes and 
then transferred to 384-well plates for incubation at 30∘C. eGFP production was measured using a plate reader. The resulting fluorescence intensity 
measurements were used to calculate protein titer (Ptiter), protein rate (Prate), variance in Ptiter and variance in Prate.

to the magnetic separation rack and incubated for 90 s to clear the 
beads. The clear supernatant was aspirated and discarded. The 
beads were washed with VHB Buffer, by adding 700 μl of buffer to 
each tube and vortexing the tubes for 3 s to resuspend the beads. 
The tubes were transferred to the magnetic separation rack and 
incubated for 90 s to clear the beads. The clear supernatant was 
aspirated and discarded. A total of two washes with VHB Buffer 
were performed. The beads were washed with SPM Wash Buffer, 
by adding 700 μl of buffer to each tube and vortexing the tubes 
for 3 s to resuspend the beads. The tubes were transferred to the 
magnetic separation rack and incubated for 90 s to clear the beads. 
The clear supernatant was aspirated and discarded. The magnetic 
beads were dried in a dry bath at 75∘C for 7 min. DNA was eluted 
by adding 60 μl of nuclease-free water at 65∘C to the center of each 
bead pellet. The beads were resuspended by vortexing for 6 s and 
then incubated for 5 min. The tubes were transferred to the mag-
netic separation rack and incubated for 90 s to clear the beads. 

The clear supernatant containing the DNA solution was aspirated 
and transferred to DNA LoBind (Eppendorf, 022431021) tubes for 
storage. Eluted DNA was stored at 4∘C for up to 1 week.

AFP- workflow: automated filter column-based DNA extrac-
tion using the QIAprep 96 Turbo Miniprep kit (QIA-
GEN, 27191) without additional postprocessing The QIAGEN 
QIAprep 96 Turbo kit was the matching counterpart to the QIAprep 
Spin Miniprep kit used for manual filter-based extraction of plas-
mid DNA. This kit uses a filter plate to clear the cell lysate of debris 
and a binding plate for DNA extraction in a bind–wash–elute 
procedure. Buffers P1 and PE were prepared according to man-
ufacturer’s instructions. Buffer N3 was cooled to 4∘C for at least 
30 min and kept at this temperature for the duration of the work-
flow. Nuclease-free water for DNA elution was warmed to 65∘C for 
at least 30 min and kept at this temperature for the duration of the 
workflow. Buffers were aliquoted into multi-well reservoir plate(s) 
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for automated liquid handling as follows: 15 ml of Buffer P1 was 
added to Column 1 of a 6-column reservoir (Agilent, 204284-100); 
20 ml of Buffer P2 was added to each column of a 2-column reser-
voir (Agilent, 204359-100); 15 ml of Buffer N3 was added to each 
column of a 2-column reservoir; 100 ml of Buffer PB was added 
to Column 1 and 100 ml of Buffer PE was added to Column 2 of 
a 2-column reservoir and 15 ml of nuclease-free water was added 
to Column 1 of a 6-column reservoir. All reservoirs were covered 
with a sterile lid (Agilent, 202497-100). All pipetting steps were 
performed using an automated liquid handler.

The 96-well plates containing pelleted cells were removed from 
−20∘C and allowed to come to room temperature. Cells were 
resuspended with 200 μl Buffer P1 by pipetting. Resuspended cells 
were lysed with 250 μl of Buffer P2, and the contents of each well 
were mixed by shaking the plate at 90 RPM for 120 s. Lysed cells 
were neutralized with 350 μl of cold Buffer N3, and the contents of 
each well were mixed by shaking the plate at 90 RPM for 120 s and 
pipetting using widebore tips. Neutralized cells were transferred 
to a 96-well filter plate using widebore tips. The contents of the fil-
ter plate were processed into a binding plate using an automated 
positive pressure filter press at 34.5 kPa (5 psi) for 7 min. The filter 
plate was then discarded. The contents of the binding plate were 
processed to waste at 275.8 kPa (40 psi) for 1 min. A total of 900 μl 
of Buffer PB was added to each well of the binding plate, and the 
contents of the binding plate were processed to waste at 275.8 kPa 
(40 psi) for 1 min. A total of 900 μl of Buffer PE was added to each 
well of the binding plate, and the contents of the binding plate 
were processed to waste at 275.8 kPa (40 psi) for 1 min. The bind-
ing plate was dried by processing the contents of all the wells to 
waste at 448.2 kPa (65 psi) for 10 min. DNA was eluted from the 
binding plate by adding 110 μl of nuclease-free water at 65∘C to 
the center of each well. The binding plate was then incubated for 
5 min, and its contents were processed into a DNA LoBind 96-well 
plate (Eppendorf, 951032000) at 448.2 kPa (65 psi) for 10 min. Eluted 
DNA was stored at 4∘C for up to 1 week.

ABP- workflow: automated magnetic bead-based DNA 
extraction using the Mag-Bind Ultra Pure Plasmid DNA 96 
kit (Omega Bio-tek. Inc., M1258-01) without additional post-
processing The Omega Bio-tek Mag-Bind Ultra Pure Plasmid DNA 
96 kit can be used for manual or automated workflows. Solution I, 
VHB Buffer and SPM Wash Buffer were prepared according to man-
ufacturer’s instructions. N3 Buffer was cooled to 4∘C for at least 
30 min and kept at that temperature for the duration of the work-
flow. Nuclease-free water for DNA elution was warmed to 65∘C for 
at least 30 min and kept at that temperature for the duration of the 
workflow. Buffers were aliquoted into multi-well reservoir plate(s) 
for automated liquid handling as follows: 15 ml of Solution I was 
added to Column 2, 30 ml of ETR Binding Buffer to Column 5 and 
30 ml of ETR Wash Buffer to Column 6 of a 6-column reservoir; 
20 ml of Solution II was added to each column of a 2-column reser-
voir; 15 ml of N3 Buffer was added to each column of a 2-column 
reservoir; 40 ml of VHB Buffer was added to Columns 1 and 2 and 
40 ml of SPM Wash Buffer to Column 6 of a 6-column reservoir and 
15 ml of nuclease-free water was added to Column 3 of a 6-column 
reservoir. MagBind Particles RQ were mixed by vortexing for 10 s 
and aliquoted into 1.5-ml microcentrifuge tubes by adding 500 μl 
of particles to each tube. The tubes were loaded into a 32-tube car-
rier with 1.5-ml tube inserts (Hamilton Robotics, 182238) on the 
deck of the liquid handler. All reservoirs were covered with a ster-
ile lid. A universal magnetic plate (Alpaqua, A00400) was used for 
pelleting the magnetic beads in each well. A filter plate (QIAGEN, 

27191) was used to clear the cell lysate of debris. All pipetting steps 
were performed using an automated liquid handler.

The 96-well plates containing pelleted cells were removed from 
−20∘C and allowed to come to room temperature. Cells were resus-
pended with 200 μl of Solution I by pipetting. Resuspended cells 
were lysed with 250 μl of Solution II, and the contents of each 
well were mixed by shaking the plate at 90 RPM for 120 s. Lysed 
cells were neutralized with 125 μl of cold N3 Buffer, and the con-
tents of each well were mixed by shaking the plate at 90 RPM for 
120 s and pipetting using widebore tips. Neutralized cells were 
transferred to a 96-well filter plate using widebore tips. The con-
tents of the filter plate were processed into a 96-well lysate plate 
(Thermo Fisher Scientific, AB-1127) using an automated positive 
pressure filter press at 34.5 kPa (5 psi) for 7 min; the filter plate was 
then discarded. A total of 500 μl of clear supernatant was trans-
ferred from each well of the lysate plate into a 96-well receiving 
plate (Thermo Fisher Scientific, AB-1127); the lysate plate was then 
discarded. A total of 500 μl of ETR Binding Buffer and 30 μl of Mag-
Bind Particles RQ were added to each well, and the contents of 
each well were mixed by pipetting. The plate was transferred to 
the magnetic separation module and incubated for 5 min to clear 
the beads. The clear supernatant was aspirated and discarded. 
The beads were washed with ETR Wash Buffer by adding 500 μl of 
buffer to each well. The contents of the wells were mixed by pipet-
ting at 400 μl/s for 10 cycles, followed by shaking at 800 RPM for 
60 s. The plate was transferred to the magnetic separation module 
and incubated for 90 s to clear the beads. The clear supernatant 
was aspirated and discarded. The beads were washed with VHB 
Buffer by adding 700 μl of buffer to each well. The contents of the 
wells were mixed by pipetting at 600 μl/s for 10 cycles, followed 
by shaking at 700 RPM for 60 s. The plate was transferred to the 
magnetic separation module and incubated for 90 s to clear the 
beads. The clear supernatant was aspirated and discarded. A total 
of two washes with VHB Buffer were performed. The beads were 
washed with SPM Buffer by adding 700 μl of buffer to each well. 
The contents of the wells were mixed by pipetting at 500 μl/s for 
10 cycles, followed by shaking at 700 RPM for 60 s. The plate was 
transferred to the magnetic separation module and incubated for 
90 s to clear the beads. The clear supernatant was aspirated and 
discarded. The magnetic beads were dried by incubating the plate 
in a heater–shaker module at 75∘C for 7 min. DNA was eluted by 
adding 70 μl of nuclease-free water at 65∘C to the center of each 
well. The beads were resuspended by shaking at 900 RPM for 60 s 
and then incubated for 5 min. The plate was transferred to the 
magnetic separation module and incubated for 120 s to clear the 
beads. The clear supernatant from each well was aspirated and 
transferred to a DNA LoBind 96-well plate. Eluted DNA was stored 
at 4∘C for up to 1 week.

Manual postprocessing of DNA solutions using the PureLink 
PCR Purification kit (Thermo Fisher Scientific, K310002) as 
part of the MFP+ and MBP+ workflows Additional postpro-
cessing of the DNA solutions was included, because it has been 
previously reported to improve the quality of the DNA templates 
for CFE applications (39). The Invitrogen PureLink PCR Purification 
kit uses filter columns to remove contaminants, such as primers, 
Deoxyribonucleotide triphosphates (dNTPs), enzymes and salts, 
from PCR amplicons. Binding Buffer B2 and Wash Buffer W1 were 
prepared according to manufacturer’s instructions. Nuclease-free 
water for DNA elution was warmed to 65∘C for at least 30 min 
and kept at that temperature in a dry bath for the duration of the 
workflow.
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DNA solutions prepared with manual filter-based and bead-
based extraction workflows were removed from 4∘C and allowed 
to come to room temperature. In DNA LoBind tubes, 50 μl of 
eluted DNA solution was combined with 200 μl of Binding Buffer 
B2 using widebore pipette tips. The contents of the tubes were 
mixed by inverting 10 times and transferred to PureLink PCR spin 
columns using widebore tips. Spin columns were then centrifuged 
at 10 000 g for 1 min, and the flow through was discarded. The spin 
columns were washed with Wash Buffer W1 by adding 650 μl of 
buffer to each column. Spin columns were centrifuged at 10 000 g
for 1 min, and the flow through was discarded. The spin columns 
were dried by centrifugation at maximum speed for 3 min. For 
DNA elution, spin columns were transferred to clean DNA LoBind 
tubes, and 50 μl of nuclease-free water at 65∘C was added to the 
center of each column. Spin columns were incubated for 5 min 
and centrifuged at maximum speed for 2 min. The spin columns 
were discarded, and eluted DNA solution in DNA LoBind tubes was 
stored at 4∘C for up to 1 week.

6. Automated postprocessing of DNA solutions using the PureLink Pro 
96 PCR Purification kit (Thermo Fisher Scientific, K3100-96A) as part of 
the AFP+ and ABP+ workflows

The Invitrogen PureLink Pro 96 PCR Purification kit was the 
matching counterpart to the PureLink PCR Purification kit used 
for postprocessing DNA solutions manually. Binding Buffer B2 
and Wash Buffer W1 were prepared according to manufac-
turer’s instructions. Nuclease-free water for DNA elution was 

warmed to 65∘C for at least 30 min and kept at that temper-
ature for the duration of the workflow. Buffers were aliquoted 
into multi-well reservoir plate(s) for automated liquid handling 
as follows: 25 ml of B2 Binding Buffer was added to Column 1 
and 75 ml of W1 Wash Buffer was added to Column 2 of a 2-
column reservoir. The reservoir was covered with a sterile lid. 
All pipetting steps were performed using an automated liquid
handler.

DNA solutions prepared with automated filter-based and bead-
based extraction workflows were removed from 4∘C and allowed 
to come to room temperature. In a DNA LoBind 96-well plate, 
50 μl of eluted DNA solution was combined with 200 μl of Binding 
Buffer B2. The contents of the LoBind plate were mixed by shak-
ing at 300 RPM for 120 s and transferred to a PureLink filter plate. 
The contents of the filter plate were processed to waste using an 
automated positive pressure filter press at 275.8 kPa (40 psi) for 
1 min. A total of 600 μl of Wash Buffer W1 was added to each 
well of the filter plate, and the contents of the plate were pro-
cessed to waste at 275.8 kPa (40 psi) for 1 min. The filter plate 
was dried by processing the contents of all the wells to waste 
at 448.2 kPa (65 psi) for 10 min. DNA was eluted from the filter 
plate by adding 60 μl of nuclease-free water at 65∘C to the center 
of each well. The plate was incubated for 5 min, and its con-
tents were processed into a DNA LoBind 96-well plate at 448.2 kPa 
(65 psi) for 10 min. Eluted DNA was stored at 4∘C for up to 1 
week.

Figure 2. DNA concentration. Box plots of DNA concentration for each DNA preparation workflow. Each box plot represents DNA concentration from 
five biological replicates. The line inside the box designates the median concentration. Upper and lower box boundaries correspond to the upper 
quartile or 75th percentile of the data and the lower quartile or 25th percentile of data, respectively. Upper and lower whiskers designate the 
maximum and minimum values, respectively, excluding the outliers. Filled circles are outliers that are >1.5 times the inner quartile range above the 
upper quartile or <1.5 times the inner quartile range below the lower quartile, respectively.
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2.4 Fluorometric analysis of DNA concentration 
using the Quant-iT dsDNA Broad-Range Assay 
Kit (Thermo Fisher Scientific, Q33130)
The concentration of DNA in each of the DNA solutions prepared 
with the eight DNA preparation workflows (Figure 2) was quanti-
fied in 96-well plates using an automated fluorometric assay and a 
plate reader. To determine the concentration of DNA in each DNA 
solution, each 96-well plate contained two eight-point calibration 
curves relating known concentrations of λ DNA standards to mea-
sured fluorescence intensity. To mitigate potential degradation 
of the DNA sample during storage, all DNA solutions were ana-
lyzed within 24–72 h of the completion of each DNA preparation 
workflows. DNA concentration was not quantified using ultravio-
let (UV) spectrophotometry because this measurement technique 
often yields an overestimate due to the absorption of UV light at 
260 nm by common impurities, such as RNA and protein, along 
with the purine and pyrimidine bases in DNA (42). The Quant-iT 
Broad-Range dsDNA working solution was prepared by combin-
ing 600 μl of Component A with Component B to a final volume 
of 200 ml in a 250-ml Nalgene Polyethylene terephthalate glycol 
(PETG) bottle. The working solution was then transferred to a black 

single-cavity reservoir (Agilent, custom order) for automated liq-
uid handling and covered with a black sterile lid (Agilent, custom 
order). All pipetting steps were performed using an automated 
liquid handler.

Prepared DNA solutions were removed from 4∘C and allowed 
to come to room temperature. The Quant-iT working solution was 
aliquoted across four 96-well black quantitation plates (Greiner 
Bio-One, 655096) by pipetting 190 μl/well into all wells in Columns 
1 and 12 and 195 μl/well to all wells in Columns 2 through 11. 
λ DNA standards (0 ng/μl, 5 ng/μl, 10 ng/μl, 20 ng/μl, 40 ng/μl, 
60 ng/μl, 80 ng/μl and 100 ng/μl) were added to Columns 1 and 12 of 
all quantitation plates by pipetting 10 μl/well. The prepared DNA 
solutions were added to Columns 2 through 11 of all quantitation 
plates by pipetting 5 μl/well. The contents of each quantitation 
plate were mixed by shaking at 200 RPM for 2 min. DNA concentra-
tion in each well was measured from the bottom using a fluores-
cent plate reader, with excitation and emission wavelengths set to 

485/20 nm and 528/20 nm, respectively. Mean fluorescence inten-

sity of 10 measurements was reported by the plate reader from 
each sample well; standard deviation from these measurements 
was not reported.

Figure 3. DNA solution purity. Scatter plots of DNA solution purity for each DNA preparation workflow taken from measurements of A260/A280 and 
A260/A230 ratios. Lines and shaded areas indicate upper and lower limits of community accepted purity ratios(42), respectively. Purity ratios for DNA 
templates prepared with ABP- and ABP+ workflows are not reported as measurements of DNA purity with UV spectrophotometry are unreliable for 
solutions containing less than 8.60 nmol/L of DNA. MFP-: manual, filter extracted, non-purified; MFP+: manual, filter extracted, purified; MBP-: 
manual, magnetic bead extracted, non-purified; MBP+: manual, magnetic bead extracted, purified; AFP-: automated, filter extracted, non-purified; 
AFP+: automated, filter extracted, purified; ABP-: automated, magnetic bead extracted, non-purified; ABP+: automated, magnetic bead extracted, 
purified.

D
ow

nloaded from
 https://academ

ic.oup.com
/synbio/article/7/1/ysac015/6664141 by N

ational Institutes of Standards (N
ist) user on 21 July 2023



8 Synthetic Biology, 2022, Vol. 7, No. 1

2.5 Manual spectrophotometric analysis of DNA 
quality
Contamination in the DNA solution (Figure 3), for example, due 
to the presence of RNA, proteins, phenols, salts and polysac-
charides, was assessed manually using UV spectrophotometry 
(Denovix, DS-11), by measuring each solution’s absorbance spec-
trum between 200 nm and 320 nm and calculating the A260/A230

and A260/A280 purity ratios (42, 53). A260/A230 purity ratios indicate 
DNA suitability for microarray applications, and values from 1.8 
to 2.2 are the community-accepted range for pure DNA. A260/A280

ratios indicate DNA suitability for PCR applications, and values 
from 1.8 to 2.0 are the community-accepted range for pure DNA. 
Absorbance measurements were performed at the manufacturer’s 
default settings using the ‘dsDNA’ application. To mitigate the 
potential degradation of the DNA sample during storage, all DNA 
solutions were analyzed within 24–72 h of the completion of each 
DNA preparation workflows.

The prepared DNA solutions were removed from 4∘C and 
allowed to come to room temperature. The stage of the spec-
trophotometer was washed with Deionized (DI) water and wiped 
dry using Kim wipes. A blank sample composed of 1 μl nuclease-
free water was measured prior to measurements of DNA solutions. 
Each prepared DNA solution was measured by adding 1 μl of the 
solution to the sample stage, closing the lid and pressing the 
‘Measure’ button.

2.6 Gel electrophoresis
Physical damage to the DNA template was assessed using manual 
gel electrophoresis, with specific attention to breakage and shear-
ing, for example, due to centrifugation, vortexing, pipetting and 
passage through a separation column. Because of the large num-
ber of DNA samples, we looked at physical damage in only one 
technical replicate for each biological replicate prepared with each 
DNA preparation workflow.

Briefly, dilute DNA solutions were prepared in 200-μl PCR tubes 
(USA Scientific, 1402-4700) by combining 5 μl of prepared DNA 
solution with 15 μl of nuclease-free water. The contents of the 
tubes were mixed by gentle tapping and then the tubes were 
briefly spun down. 1.2% agarose E-gels (Thermo Fisher Scientific, 
G501801) were loaded by adding 20 μl of 1-kb ready-to-use DNA 
ladder (Thermo Fisher Scientific, SM1333) to Lanes 1 and 12 and 
20 μl of each diluted DNA solution to Lanes 2 through 11. Gels were 
run for 45 min on the E-gel Power Snap Electrophoresis Device 
(Thermo Fisher Scientific, G8100) and then imaged using a gel 
reader.

2.7 CFE assay
We chose the E. coli-lysate-based CFE system myTXTL (Daicel 
Arbor Biosciences), because E. coli remains the most common 
biological system for CFE. Working with a single lot of the com-
mercially available myTXTL for all experiments removed the CFE 
system from consideration as a possible source of variability in 
protein titer and rate of protein production in our study. DNA 
templates prepared with the eight DNA preparation workflows 
were used to assemble a total of 450 CFE reactions. To achieve 
the recommended concentration of DNA for this CFE system by 
the manufacturer, nuclease-free water was used to adjust DNA 
concentration in each reaction to 5 nmol/l, except in the case of 
CFE reactions containing DNA prepared with ABP- and ABP+ work-
flows, as described below. Reactions were prepared 24–72 h after 
DNA quantitation from DNA solutions stored at 4∘C. This ensured 
an accurate measurement of DNA concentrations and reduced 

the chance of DNA breakage due to storage at lower tempera-
tures, multiple freeze–thaw cycles and adsorption of the DNA to 
the storage containers.

The CFE assay consisted of four types of samples: (i) a 4-
point recombinant eGFP calibration curve (0 μmol/l, 5 μmol/l, 
10 μmol/l and 30 μmol/l); (ii) blank samples (nuclease-free water 
and 1× phosphate-buffered saline (PBS; Thermo Fisher Scientific, 
10010023)); (iii) a negative control reaction and (iv) CFE reactions 
composed of myTXTL Sigma 70 Master Mix (Daicel Arbor Bio-
sciences), 5 nmol/l of DNA template and nuclease-free water. Each 
of the four types of samples were prepared in 200-μl PCR tubes and 
stored on ice protected from light. Once prepared, samples were 
loaded at 10 μl/well into a 384-well CFE plate (Greiner Bio-One, 
781892) for incubation and analysis (SI Table S3 and SI Figure S11). 
Because of the large number of DNA solutions in this study, a total 
of three CFE plates were used to assay all 450 CFE reactions. CFE 
plates were prepared and assayed individually over 72 h. On each 
CFE plate, CFE reactions were added in triplicate. The eGFP cal-
ibration curve, the blank samples and the negative control were 
added to each CFE plate in triplicate in three separate locations 
(SI Figure S11) to assess the variation in protein production across 
the plate. The CFE plate was kept on ice and protected from light 
until all samples had been added. The plate was then sealed with 
a low-autofluorescence seal, centrifuged at 2500 g for 15 s and 
immediately transferred to a preheated plate reader for incuba-
tion at 30∘C. eGFP produced by each sample was measured every 
5 min for 24 h, without shaking and with measurements taken 
through the bottom of the plate with excitation and emission 
wavelengths of 485/20 nm and 516/20 nm, respectively.

A recombinant eGFP (Cell Biolabs, Inc.) calibration curve was 
included on each CFE plate to determine the concentration of eGFP 
in units of μM produced by the CFE reactions. Recombinant eGFP 
standard was removed from storage in −80∘C and defrosted on 
ice, protected from light. The concentration of the standard was 
verified using spectrophotometry (Denovix, DS-11, ‘Protein A280’ 
application) as follows: the stage of the spectrophotometer was 
washed with DI water and wiped dry using Kim wipes; a blank 
sample composed of 1 μl 1× PBS was measured and the concentra-
tion of the eGFP standard (29 kDa, 55 000 M−1 cm−1) was measured 
by adding 1 μl of the standard to the sample stage, closing the lid 
and pressing the ‘Measure’ button. The mean concentration from 
five replicate measurements was used to prepare a four-point cal-
ibration curve in 1× PBS in 200-μl PCR tubes: 0 μmol/l, 5 μmol/l, 
10 μmol/l and 30 μmol/l.

A blank sample consisting of nuclease-free water was included 
on each CFE plate to account for background fluorescence in 
nuclease-free water used to dilute DNA solutions to 5 nmol/L in 
each CFE reaction. Nuclease-free water blank samples were pre-
pared by aliquoting 36 μl of nuclease-free water into three 200-μl 
PCR tubes.

Another blank sample consisting of 1× PBS was included on 
each CFE plate to account for background fluorescence in 1× PBS 
used to prepare the eGFP calibration curve. PBS blank samples 
were prepared by aliquoting 36 μl of 1× PBS into three 200-μl PCR 
tubes.

A negative control sample was included on each CFE plate to 
account for background fluorescence from the myTXTL Sigma 70 
Master Mix in each CFE reaction. The negative control was pre-
pared in a 200-μl PCR tube by adding 27 μl of nuclease-free water to 
Sigma 70 Master Mix to a final volume of 108 μl; the DNA template 
was omitted.

CFE reactions containing DNA prepared with MFP-, MFP+, 
MBP-, MBP+, AFP- and AFP+ workflows were assembled in 200-μl 
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PCR tubes by adding the DNA template and nuclease-free water 
to 27 μl Sigma 70 Master Mix, for a final concentration of 5 nmol/l 
DNA per 36 μl of total sample volume. CFE reactions containing 
DNA templates prepared with ABP- and ABP+ workflows contained 
a variable concentration of DNA <5 nmol/l, because of the insuf-
ficient DNA concentrations resulting from these workflows. For 
those CFE reactions containing DNA templates prepared with ABP- 
and ABP+ workflows, DNA templates were added to 27 μl Sigma 70 
Master Mix to a total sample volume of 36 μl.

2.8 Data analysis and visualization
To calculate the stock concentration of each DNA solution, we 
used an ordinary linear regression model to fit the observed 
fluorescence intensity measurements versus nominal DNA con-
centration for the mean of two series of calibration samples of λ
DNA standards on each quantitation plate (SI Figure S6).

The myTXTL CFE system itself has a non-zero fluorescence sig-
nal when measured in the same fluorescence channel as eGFP, 
and we performed a background subtraction of this signal from 
all CFE reactions. The mean fluorescence intensity of all nine neg-
ative control CFE reactions on each CFE plate at time point 0 
was subtracted from the fluorescence intensity of each CFE reac-
tion at each time point. CFE reactions containing DNA templates 
prepared with ABP- and ABP+ workflows contained less than the 
nominal 5 nmol/l of DNA added to all other CFE reactions. For 
this reason, fluorescence intensity measurement for CFE reactions 
containing DNA prepared with ABP- and ABP+ workflows were 
first scaled by the DNA concentration added to each reaction to 
facilitate comparison across all CFE reactions prior to background 
subtraction.

The resulting fluorescence intensities were used to character-
ize the rate of protein production (Prate) and protein titer (Ptiter). 
For each CFE reaction, Prate was evaluated as the slope from an 
ordinary least-squares regression line fit to fluorescence inten-
sity measurements over the first 250 min. Ptiter was represented 
as the fluorescence intensity at 960 min, to match the recom-
mended incubation time for measuring the endpoint yield of 
protein produced with myTXTL CFE reactions (51). We compared 
the magnitude and relative variance of Prate and Ptiter for each pair 
of workflows. To compare magnitudes for feature 𝑃 (Prate or Ptiter), 
we computed the mean value of 𝑃 for each of the five biological 
replicates for each DNA preparation workflow. To identify statisti-
cally significant differences in the mean values of 𝑃 between the 
workflows, we applied a Friedman test to the collection of mean 
values of 𝑃, treating workflow as the factor of interest and biolog-
ical replicate as a blocking factor. Pairwise workflow comparisons 
were conducted using Nemenyi’s all-pairs comparison tests (54) 
using the PMCMRplus package (55) within R (56).

Because our study investigated reproducibility in Prate and 
Ptiter, our analysis focused on comparing the relative variance—
rather than the magnitudes—of Prate and Ptiter for each work-
flow. We assessed the relative variance for each combination of 
DNA preparation workflow and feature 𝑃 using a random-effects 
model with effects for the biological replicate, technical repli-
cate and measurement replicate. Let 𝑃𝑖𝑗𝑘𝑙 denote the value of P
for measurement replicate 𝑙 (𝑙 = 1, 2, 3) from technical replicate
𝑘 (𝑘 = 1, 2, 3, 4, 5) and biological replicate 𝑗 (𝑗 = 1, 2, 3, 4, 5) pre-
pared using workflow 𝑖 (𝑖 = 1,…, 8). To account for the observed 
differences in the magnitude of the fluorescence intensity mea-
surements between workflows, we normalized the collection of P
values for each workflow by the median value of 𝑃 from that work-
flow, i.e. 𝑃 ∗

𝑖𝑗𝑘𝑙 = 𝑃𝑖𝑗𝑘𝑙
𝑚𝑖

, where 𝑚𝑖 is the median of 𝑃𝑖𝑗𝑘𝑙 across 𝑗,𝑘, and 
𝑙. For workflow𝑖, the following random-effects model was fit to 

the normalized feature values: 𝑃 ∗
𝑖𝑗𝑘𝑙 = 𝜇𝑖 + 𝛼𝑖𝑗 + 𝛽𝑖𝑗𝑘 + 𝜖𝑖𝑗𝑘𝑙, where 

𝜇𝑖 represents the mean median-normalized value of 𝑃 for work-
flow 𝑖, 𝛼𝑖𝑗 is a random effect corresponding to biological replicate 
𝑗, 𝛽𝑖𝑗𝑘 is a random effect corresponding to technical replicate 𝑘
within biological replicate 𝑗 and 𝜖𝑖𝑗𝑘𝑙 is the random error associ-
ated with measurement replicate 𝑙 from CFE reactions containing 
DNA technical replicate 𝑘 from biological replicate 𝑗. We assumed 
all random effects 𝛼𝑖𝑗,𝛽𝑖𝑗𝑘, and 𝜖𝑖𝑗𝑘𝑙 were mutually independent 
and distributed normally with mean 0 and variances 𝜎2

𝛼𝑖,𝜎2
𝛽𝑖 and 

𝜎2
𝜖𝑖, respectively. 𝜎2

𝛼𝑖,𝜎2
𝛽𝑖 and 𝜎2

𝜖𝑖 represent variance associated with 
the biological replicate of the plasmid DNA, the technical replicate 
of DNA template prepared with a given DNA preparation workflow 
and measurement replicate of nominally identical CFE reactions 
containing the DNA prepared with the same DNA preparation 
workflow, respectively. Parameters for this random-effects model 
were estimated using the lme4 (57) package within R (56). Ninety-
five percentage confidence intervals were then evaluated for each 
mean and variance in the fitted model using profile likelihoods.

To test whether observed differences in variance estimates 
across DNA preparation workflows were statistically significant, 
we used drop-in-deviance tests. These tests used log-likelihoods 
as a measure of goodness-of-fit and changes in the log-likelihood 
under different constraints on model parameters as a measure of 
statistical significance. For example, to assess whether the biolog-
ical variance estimates for workflows 𝑖 and 𝑖′, namely 𝜎2

𝛼𝑖 and 𝜎2
𝛼𝑖′ , 

respectively, differ with statistical significance, the goodness-of-
fit for a model in which each workflow took on its own value for 
the biological variance was compared to the goodness-of-fit for a 
model in which both workflows shared the same biological vari-
ance. To accomplish this, a random-effects model was fit to the 
complete collection of 𝑃 ∗

𝑖𝑗𝑘𝑙 and 𝑃 ∗
𝑖′𝑗𝑘𝑙 (across all values of 𝑗, 𝑘 and 𝑙) 

values from both workflows subject to the constraint that 𝜎2
𝛼𝑖 and 

𝜎2
𝛼𝑖′  must be the same (say 𝜎2

𝛼). Within this combined model, all 
random effects were treated as mutually independent, and no 
effect was shared across workflows. The model was fit by opti-
mizing the likelihood across the model parameters, namely 𝜎2

𝛼, 𝜇𝑖
and 𝜇𝑖′ , 𝜎2

𝛽𝑖 and 𝜎2
𝛽𝑖′  and 𝜎2

𝜖𝑖 and 𝜎2
𝜖𝑖′ . 𝑙𝑖,𝑖′  represents the maximized 

log-likelihood obtained from this fitting process. 𝑙𝑖 and 𝑙𝑖′  denote 
the respective log-likelihoods produced by the fits of the random-
effects model to the normalized feature values from workflows 𝑖
and 𝑖′, respectively.

The constrained space in which 𝜎2
𝛼𝑖 and 𝜎2

𝛼𝑖′  are equal is a 
subspace of the full parameter space of 𝜇𝑖 and 𝜇𝑖′ ,𝜎2

𝛼𝑖 and 𝜎2
𝛼𝑖′ , 

𝜎2
𝛽𝑖 and 𝜎2

𝛽𝑖′  and 𝜎2
𝜖𝑖 and 𝜎2

𝜖𝑖′ . We therefore calculated a drop-in-
deviance test statistic of 2(𝑙𝑖 + 𝑙𝑖′ − 𝑙𝑖,𝑖′) and found the proportion 
of a chi-squared distribution with one degree of freedom that 
lies above this value to construct a P-value. With eight different 
workflows, there are 28 possible pairwise comparisons between 
workflows. We therefore applied the Bonferroni test to control for 
multiple testing (58). The observed difference between the param-
eter estimates was therefore declared statistically significant if 
this proportion was <0.05/28. We also applied this approach to 
assess the statistical significance of observed differences across 
workflows in estimates for the technical (𝜎2

𝛽𝑖) and measurement 
variances (𝜎2

𝜖𝑖).
To demonstrate a practical outcome of the observed differ-

ences in the variance between the DNA preparation workflows, 
we estimated the number of technical replicates needed for each 

DNA preparation workflow that when pooled physically match 

the variability achieved for only a single technical replicate from 

the workflow with the lowest overall variance, MFP-. In this anal-
ysis, we assumed that the variance in 𝑃 values for a pooled 

sample corresponds to the variance of the mean 𝑃 value among 
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the replicates being pooled. For example, if 𝑃 values for Repli-
cates 1 and 2 have respective variances 𝜎2

1 and 𝜎2
2, we assumed 

that 𝑃 for a pooled sample formed by combining Replicates 1 
and 2 is 𝜎2

1+𝜎2
2

4 . We considered hypothetical scenarios, where each 
technical replicate from a biological replicate was used for 1, 2, 
3, 5 or 10 measurement replicates. The reproducibility for DNA 
preparation workflow 𝑖 was quantified as the inverse variance 
of the mean calculated over the measurement replicates. That 
is, when 𝑛 measurement replicates are prepared using work-
flow 𝑖 for each technical replicate, the reproducibility is calcu-

lated as 𝑟𝑖,𝑛 = (𝜎2
𝛼𝑖 + 𝜎2

𝜖𝑖
𝑛 )

−1
 [Equation 1]. The ratio 𝑅(𝑖, 𝑖′) = 𝑟𝑖,𝑛

𝑟𝑖′,𝑛

conveys the number of technical replicates prepared by DNA 
preparation workflow 𝑖, each with 𝑛 measurement replicates, 
needed to achieve the same expected variability in 𝑃 for a given 
biological replicate as one technical replicate prepared using DNA 
preparation workflow 𝑖′. Because 𝑅(𝑖, 𝑖′) = 𝑅(𝑖,𝑀𝐹𝑃−)

𝑅(𝑖′,𝑀𝐹𝑃−) , we summa-
rize all pairwise ratios by only reporting 𝑅(𝑖,𝑀𝐹𝑃−) for each DNA 
preparation workflow. Uncertainty bounds for 𝑅(𝑖,𝑀𝐹𝑃−) were 
evaluated with 1000 iterations of a bootstrapping process. For 
each DNA preparation workflow, each bootstrapping iteration con-
sisted of randomly sampling five numbers from one to five with 
replacement, which represents the indices of 𝑗 resulting from a 
random resampling of the biological replicates. Then, for each 
of the sampled 𝑗 indices, five numbers from one to five were 
sampled randomly with replacement, representing the indices of 
𝑘 from a random resampling of technical replicates within the 
randomly sampled biological replicate. Finally, for each of the 
five sampled technical replicate indices 𝑘 within each sampled 
biological replicate, three numbers from one to three were ran-
domly sampled with replacement, representing the indices of 
𝑙 resulting from random resampling of measurement replicates 
within the selected combination of biological and technical repli-
cates. This bootstrapping iteration produces 5*5*3 = 75 index sets 
of (𝑗,𝑘, 𝑙). These index sets corresponded to median-normalized 
feature values 𝑃 ∗

𝑖𝑗𝑘𝑙 with the same indices of (𝑗,𝑘, 𝑙), to produce 
a set of resampled values that mimic the potential correlation 
structure of the experimental measurements. The resampled data 
produced in bootstrap iteration 𝑚 was used to refit the random-
effects model, and the resulting variance estimates then gave 
the corresponding reproducibility 𝑟(𝑚)

𝑖,𝑛  according to Equation 1. 

Having obtained 𝑟(𝑚)
𝑖,𝑛  for each DNA preparation workflow, we cal-

culated the corresponding values of 𝑅(𝑖,𝑀𝐹𝑃−)(𝑚). Upper and 
lower bounds for the confidence intervals of 𝑅(𝑖,𝑀𝐹𝑃−) were cal-
culated as the 0.975 and 0.025 quantiles, respectively, from the set 

{𝑅(𝑖,𝑀𝐹𝑃−)(𝑚)}
1000

𝑚=1
. To assess the statistical significance on the 

observed difference between 𝑟𝑖,𝑛 and 𝑟𝑖′,𝑛, we calculated the test 

statistic 𝑧 =
𝑙𝑜𝑔(𝑟𝑖,𝑛) − 𝑙𝑜𝑔(𝑟𝑖′,𝑛)

√𝑣𝑎𝑟(𝑙𝑜𝑔(𝑟𝑖,𝑛)) + 𝑣𝑎𝑟(𝑙𝑜𝑔(𝑟𝑖′,𝑛))
, where we estimated 

the values of 𝑣𝑎𝑟(𝑙𝑜𝑔(𝑟𝑖,𝑛)) and 𝑣𝑎𝑟(𝑙𝑜𝑔(𝑟𝑖′,𝑛)) using the sample 

variances of {𝑙𝑜𝑔(𝑟(𝑚)
𝑖,𝑛 )}

1000

𝑚=1
 and {𝑙𝑜𝑔(𝑟(𝑚)

𝑖′,𝑛)}
1000

𝑚=1
, respectively. We 

considered the observed difference between 𝑟𝑖,𝑛 and 𝑟𝑖′,𝑛 statisti-
cally significant if the proportion of a standard normal distribution 
that lies farther from 0 than 𝑧 was <0.05/28, using the Bonferroni 
correction for multiple testing.

For each CFE reaction, eGFP calibration wells were used to cal-
culate a range of molar concentrations of eGFP produced from flu-
orescence intensity measurements in arbitrary units. Calibration 
curves relating fluorescence intensity to eGFP concentration were 
estimated using eGFP calibration samples of 0, 5, 10 and 30 μmol/l. 
Each CFE plate contained nine series of eGFP calibration sam-
ples across four nominal concentrations of eGFP (SI Figure S11), 

for a total of 27 calibration series across all three CFE plates. A 
least-squares linear regression fit to the mean calibration mea-
surements did not adequately represent the fluorescence intensity 
measurements for calibration samples with the same nominal 
eGFP concentration. Therefore, we considered all linear regression 
fits at each time point to estimate a range of eGFP concentra-
tion for each measured fluorescence intensity using the following 
approach. Let the estimated intercept and slope resulting from 
least-squares linear fit to the measured fluorescence intensity 
versus eGFP concentration data for calibration series 𝑐 at time 
𝑡 be given by 𝐼𝑡𝑐 and𝑆𝑡𝑐, respectively. Let 𝐹𝑖𝑗𝑘𝑙𝑡 denote the mea-
sured fluorescence intensity P at time 𝑡 for measurement replicate
𝑙 (𝑙 = 1, 2, 3) from technical replicate 𝑘 (𝑘 = 1, 2, 3, 4, 5) and 
biological replicate 𝑗 (𝑗 = 1, 2, 3, 4, 5), prepared using workflow
𝑖 (𝑖 = 1,…, 8). The range of eGFP concentration associated with 

𝐹𝑖𝑗𝑘𝑙𝑡 is given by min
𝑐

( 𝐹𝑖𝑗𝑘𝑙𝑡−𝐼𝑡𝑐
𝑆𝑡𝑐

) to max
𝑐

( 𝐹𝑖𝑗𝑘𝑙𝑡−𝐼𝑡𝑐
𝑆𝑡𝑐

), where 𝑐 ranges 

from 1 to 27. Because the variability in the eGFP calibration sam-
ples did not exhibit a clear relationship with either region of CFE 
plate or CFE plate number, we assumed that the appropriate con-
version from fluorescence intensity to molar concentration was 
similar across region and plate.

3. Results and discussion
Toward improving reproducibility in cell-free protein production, 
we characterized the effects of two common DNA extraction 
methodologies, a postprocessing step and manual versus auto-
mated preparation on eGFP titer and rate of eGFP produced by the 
myTXTL CFE system.

To span the range of common preparation methods, we inves-
tigated eight DNA preparation workflows (SI Table S2): manual 
filter extracted non-purified (MFP-), manual filter extracted puri-
fied (MFP+), manual magnetic bead extracted non-purified (MBP-), 
manual magnetic bead extracted purified (MBP+), automated filter 
extracted non-purified (AFP-), automated filter extracted purified 
(AFP+), automated magnetic bead extracted non-purified (ABP-) 
and automated magnetic bead extracted purified (ABP+). We 
examined the concentration of DNA in solution, the physical dam-
age to the DNA template and the purity of the DNA resulting from 
each DNA preparation workflow.

Regarding DNA concentration, manual DNA preparation work-
flows yielded more concentrated DNA solutions than automated 
workflows (Figure 2). The mean concentrations of DNA solutions 
prepared with MFP-, MFP+, MBP- and MBP+ workflows and mea-
sured with fluorometry were 84.2 nmol/l, 89.6 nmol/l, 59.9 nmol/l 
and 63.9 nmol/l, respectively, as compared to 42.5 nmol/l, 
34.5 nmol/l, 4.43 nmol/l and 4.64 nmol/l with AFP-, AFP+, ABP and 
ABP+ workflows, respectively, in ∼50 μl of solution. The myTXTL 
protocol calls for at least 5 nmol/l of DNA in 12 μl of reaction, 
where the volume of DNA solution accounts for 25% of the reac-
tion volume. Therefore, we considered each workflow successful, 
if it produced a minimum of 20 nmol/l intact and biologically 
functional DNA in 50 μl of solution.

Differences in DNA concentration resulting from manual and 
automated workflows may have arisen from the use of centrifu-
gation in manual workflows versus a positive pressure manifold 
in automated workflows for clearing the lysate and eluting the 
DNA. Centrifuging the lysate to clear it of cell debris resulted in 
a tightly formed pellet of debris at the bottom of the microcen-
trifuge tube, separate from the surrounding lysate. In contrast, 
pushing the lysate through a filter plate using positive pressure 
led to the retention of cell debris by the filter in each well, along 
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with ∼50–75 μl of cleared lysate that was effectively lost. Eluting 
DNA with the nuclease-free water from the spin column with cen-
trifugation allowed the complete recovery of the entire volume 
added. However, using positive pressure to push nuclease-free 
water through a binding plate led to the retention of ∼50–75 μl 
of nuclease-free water by the filter in each well, along with any 
DNA still bound to membrane. Because a minimum of 50 μl of 
DNA solution was required from each DNA preparation workflow, 
a greater volume of nuclease-free water was used to elute DNA 
from automated workflows than from manual workflows. This 
diluted the DNA solutions prepared with automated workflows as 
compared to those prepared with manual workflows.

Workflows using filter-based extraction (MFP-, MFP+, AFP- and 
AFP+) yielded more concentrated DNA solutions than workflows 
using bead-based extraction (MBP-, MBP+, ABP- and ABP+), pre-
sumably due to differences in the number of DNA manipulation 
steps (Figure 2) between these workflows. Specifically, MBP-, MBP+, 
ABP- and ABP+ workflows had four times as many DNA wash steps 
as MFP-, MFP+, AFP- and AFP+ workflows. Each additional manipu-
lation increased the chances that some portion of the DNA would 
be lost.

Regarding DNA quality as related to contaminants in the 
DNA solution, none of the DNA preparation workflows consis-
tently yielded DNA solutions with A260/A230 and A260/A280 ratios 
within community-accepted values (Figure 3 and SI Figure S12), 
even those workflows that included a postprocessing step in the 
form of a DNA purification kit. Characterizing and reducing con-
taminants in the DNA solution mitigates their potentially con-
founding effects on eGFP production. First, solutions containing 
<8.60 nmol/l of DNA as measured with UV spectrophotometry 
have been found to give unreliable A260/A230 and A260/A280 results 
(42), which includes DNA solutions prepared with ABP- and ABP+
workflows. However, it is important to note that significant carry-
over between DNA wash and elution steps occurred in ABP- and 

ABP+ workflows, due to the limitations of the labware compatible 
with the magnetic separation modules used for these workflows. 
We found that in plates with round-bottom wells, magnetic beads 
formed a wide ring in each well leaving sufficient space for aspi-
rating supernatant with pipette tips without disturbing the beads. 
The round shape of the wells also prevented the pipette tips 
from aspirating all the liquid from each well, leaving a few drops 
of wash buffer or DNA solution in each well. This likely led to 
cross-contamination between DNA wash steps, where traces of 
supernatant containing genomic DNA, proteins and endotoxins 
eluted with the plasmid DNA (SI Figure S12). Second, in work-
flows that used bead-based extraction (MBP-, MBP+, ABP- and 
ABP+) as opposed to filter-based extraction (MFP-, MFP+, AFP- and 
AFP+), incomplete neutralization of the cell lysate likely led to the 
presence of denatured proteins, genomic DNA, polysaccharides 
and cellular debris in the eluted DNA solution. To neutralize 500 μl 
of lysed cells, MBP-, MBP+, ABP- and ABP+ workflows used 125 μl of 
neutralization buffer, as opposed to 350 μl of buffer used in MFP-, 
MFP+, AFP- and AFP+ workflows. As a result, cell lysates in MBP-, 
MBP+, ABP- and ABP+ workflows were cloudy, indicating at least 
some denatured proteins, genomic DNA and cellular debris from 
the lysis step did not precipitate in salt–detergent complexes, as 
is typical for completely neutralized lysates. Although we could 
have adjusted the volume of neutralization buffer to be identi-
cal in magnetic-bead-based and filter-based extraction methods, 
we chose to follow the protocol specific to each kit manual and 
report our findings accordingly. Third, additional sample han-
dling associated with including a postprocessing step following 
DNA extraction in MFP+, MBP+, AFP+ and ABP+ workflows gen-
erally did not improve the purity of the resulting DNA solution 
to community-accepted values. Only the MBP+ workflow showed 
notable improvement from postprocessing.

Regarding the quality of the DNA, as related to physical dam-
age to the plasmid itself, DNA templates prepared with automated 

Figure 4. Representative gels of physical damage to DNA templates. DNA solutions from each DNA preparation workflow were separated by size using 
1.2% pre-poured agarose gels. Lanes 1 and 12 contain 2 μg of 0.25–10.0 kb premixed DNA ladder. The molecular sizes in the DNA ladder are noted in 
white in number of base pairs. The black triangle indicates the expected location of 3000-bp DNA, the approximate size of intact 
pBEST-OR2-OR1-Pr-UTR1-deGFP-T500 plasmid DNA. Lanes 2 through 6 contain DNA solutions from Technical Replicate 4 of each biological replicate 
prepared with (A) MFP-, (B) AFP-, (C) MBP- and (D) ABP- workflows. Lanes 7 through 11 contain DNA solutions from Technical Replicate 4 of each 
biological replicate prepared with (A) MFP+, (B) AFP+, (C) MBP+ and (D) ABP+ workflows. Significant physical damage is present in all DNA solutions 
prepared with automated workflows.
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workflows (AFP-, AFP+, ABP- and ABP+) showed clear evidence of 
damage and fragmentation, while those prepared with manual 
workflows (MFP-, MFP+, MBP- and MBP+) remained largely intact 
(Figure 4). Bands in the agarose gel of the same apparent size as 
3000 bp in the DNA ladder indicated intact pBEST-OR2-OR1-Pr-
UTR1-deGFP-T500 plasmid DNA. Bands of the same apparent size 
as 15 000, 4000 and 2000 bp in the DNA ladder indicated a distribu-
tion of DNA lengths in the prepared DNA solutions, ranging from 
co-extracted genomic DNA to short fragments of DNA damaged 
by excessive agitation. Assessing the fraction of intact DNA tem-
plate in the CFE reaction can help ensure that all DNA added to 
the reaction is biologically active. Differences in physical damage 
between DNA templates prepared with automated and manual 
workflows may have arisen from how cells were mixed after the 
addition of lysis and neutralization buffers in these workflows. In 
AFP-, AFP+, ABP- and ABP+ workflows, cells were mixed by shaking 
after the addition of lysis buffer and by shaking and pipetting after 
the addition of neutralization buffer. In MFP-, MFP+, MBP- and 
MBP+ workflows, cells were mixed by slowly inverting the tubes 
after the addition of lysis and neutralization buffers. While the 
automated method used widebore pipette tips and reduced speeds 
for both aspiration and dispensing, we hypothesize that mixing by 
pipetting was aggressive enough to physically damage the DNA. 
Differences in physical damage between DNA templates prepared 
with automated bead-based (ABP- and ABP+) workflows and man-
ual bead-based (MBP- and MBP+) workflows may have arisen from 
how beads were resuspended during wash and DNA elution steps. 
In ABP- and ABP+ workflows, a combination of pipetting and shak-
ing was used to resuspend the beads after the addition of ETR 
wash, VHB wash, SPM buffers and nuclease-free water. Aspira-
tion and dispensing speeds were increased to as much as 450 μl/s, 
for up to 10 cycles to ensure complete resuspension. In MBP- and 
MBP+ workflows, beads were resuspended after the addition of 
ETR wash, VHB wash, SPM buffers and nuclease-free water by 
briefly vortexing each tube for up to 6 s. The aggressive agita-
tion of the samples during wash and DNA elution steps in ABP- 
and ABP+ workflows likely led to damaged and fragmented DNA 
templates, while the templates prepared with MBP- and MBP+
workflows remained largely intact.

In general, CFE reactions were composed of 27 μl Sigma 70 Mas-
ter Mix and 5 nmol/l DNA per 36 μl of total sample volume. CFE 
reactions containing DNA templates prepared with ABP- and ABP+
workflows contained a variable concentration of DNA <5 nmol/L, 
due to the insufficient DNA concentrations yielded by these work-
flows. As a result, these CFE reactions contained a variable amount 
of DNA, <5 nmol/L, and the fluorescence intensity measurements 
from eGFP produced by these reactions were scaled by the DNA 
concentration added to each reaction to facilitate comparison 
across all CFE reactions.

In each CFE reaction, we analyzed eGFP titer (Ptiter) and the rate 
of eGFP production (Prate) as two common metrics for a bioman-
ufacturing process. Titer refers to the concentration of protein 
produced and is a benchmark for the upstream efficiency of a 
biomanufacturing process (59). Rate corresponds to the concen-
tration of protein produced per unit time and is a measure of 
productivity of a biomanufacturing process (60).

Because of substantial and unexpected variability between dif-
ferent series of eGFP calibration samples, we chose to analyze the 
effects of eight DNA preparation workflows on Ptiter, Prate, vari-
ance in Ptiter and variance in Prate in units of arbitrary fluorescence 
intensity instead of units of molar concentration. Each CFE plate 
contained nine series of eGFP calibration samples across four 
nominal concentrations of eGFP (SI Figure S11) measured every 

5 min for 24 h. For each time point, a linear regression model 
was fit to the observed intensity versus nominal concentration 
for each of the calibration samples. The slopes and intercepts 
resulting from these fits displayed substantial variability between 
calibration samples with the same nominal eGFP concentration 
and clear trends across time (SI Figure S14–S15). This variabil-
ity would not be adequately represented by choosing a single 
slope and intercept for mapping arbitrary intensity units to molar 
protein concentration. The source of this variability is unknown. 
Additionally, the residuals at each eGFP calibration concentration 
strongly indicated a lack of linearity between eGFP concentration 
and fluorescence intensity (SI Figure S15). These residuals mostly 
suggested a concave rather than linear relationship, but the non-
linearity was not reproduced even within the same region and 
plate. To facilitate comparison with other studies, we report ranges 
of estimated molar concentration of eGFP produced by each CFE 
reaction (SI Figures S16–S17).

To compare Ptiter, Prate, variance in Ptiter and variance in Prate

across all CFE reactions, we performed instrument calibration 
(SI Figures S2–S4) ahead of each CFE measurement and measured 
three types of control samples on each CFE plate. Daily instru-
ment calibration with internal standards (see Materials and Meth-
ods) ruled out systematic bias in the fluorescence measurements 
across each CFE plate (SI Figures S8–S10). The fluorescence inten-
sity from all wells of the blank 384-well plate, the nuclease-free 
water plate and fluorescein plate across all measurements and 
days varied <10% of standard deviation of the mean (SI Table S4). 
For each CFE plate, visual analysis of the fluorescence of the neg-
ative control CFE reactions, nuclease-free water blank samples 
and PBS blank samples (SI Figure S18) indicated that the vari-
ability due to difference across plates or position within each 
plate was not substantial. For nuclease-free water and PBS blank 
samples, the total observed variability was less negligible com-
pared to the fluorescence intensities of the CFE reactions (SI Figure 
S18). The fluorescence intensity from wells containing the nega-
tive control CFE reactions tended to increase slightly with time (SI 
Figure S18). However, the observed differences did not appear to 
be strongly associated with either plate number or region within
the plate.

For each DNA preparation workflow, we calculated mean Ptiter

and mean Prate from five biological replicates. SI Tables S5 and S6 
provide the ratio of mean Ptiter and ratio of mean Prate, respectively, 
for each pair of workflows from Nemenyi’s all-pairs comparison 
tests. P values from a Friedman test were used to identify statisti-
cally significant differences in mean Ptiter and mean Prate between 
workflows. We observed significant and substantial differences in 
the magnitudes of Ptiter and Prate across DNA preparation work-
flows (SI Tables S5 and S6). However, because the primary focus of 
this study lay in measuring the effects of DNA template prepara-
tion on variability in CFE, all subsequent analyses characterized 
variability in Ptiter and Prate, rather than magnitude, for each DNA 
preparation workflow.

To characterize variability in Ptiter and Prate for each DNA prepa-
ration workflow, we used a random-effects model to assess rel-
ative variance associated with 5 biological replicates of DNA, 
25 technical replicates of DNA prepared with the same DNA 
preparation workflow and 75 measurement replicates of nomi-
nally identical CFE reactions containing DNA prepared with the 
same DNA preparation workflow (see Materials and Methods). 
From drop-in-deviance tests, we determined that relative variance 
associated with biological replicate did not exhibit statistically 
significant differences among the workflows for either Ptiter or 
Prate (see Materials and Methods, Figure 5, and SI Figure S19). 
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Figure 5. Ranked variance analysis in Ptiter and Prate. Relative variance estimates associated with the biological replicate of the DNA template 
(top panel), technical replicate of the DNA prepared with the same DNA preparation workflow (middle panel) and measurement replicate of nominally 
identical CFE reactions containing DNA prepared with the same DNA preparation workflow (bottom panel) calculated using a random-effects model. 
Estimates connected by a horizontal dashed line are not statistically significantly different according to the Bonferroni corrected P-value threshold of 
0.05/28. Error bars provide 95% confidence intervals evaluated using profile likelihoods. Large error bars in the top panel result from the small sample 
size (five) of biological replicates for each experimental workflow. We show a horizontal dotted line near the bottom of each top and middle panels to 
represent a relative variance of zero. Technical replicates were the most significant source of variance, while the relative variance associated with 
biological replicate was not statistically different from zero for all DNA preparation workflows.

Additionally, for all DNA preparation workflows, the relative vari-
ance associated with biological replicate in both Ptiter and Prate

was not statistically different from zero. The large error bars in 
these variance estimates are a consequence of the small sam-
ple size (five) of biological replicates for each DNA preparation 
workflow. A more rigorous study of the effects of biological repli-
cate associated with the DNA template on protein production 
could be achieved by including more biological replicates for each 
DNA preparation workflow. Because the preparation of biolog-
ical replicates was separate from the DNA preparation work-
flows, we excluded biological variance from further consideration 
in comparisons of variability in Ptiter and Prate resulting from 
different DNA workflows. Variance estimates corresponding to 
technical replicates differed from zero with statistical significance 
for each of the DNA preparation workflows for Prate and for 
six of the eight DNA preparation workflows for Ptiter (Figure 5).
The variance estimates associated with technical replicates were 
non-zero for all DNA preparation workflows; the 25 techni-
cal replicates in our study were sufficient to detect differences 
in the variance of Ptiter and Prate between DNA preparation 

workflows, whereas five biological replicates were not. We encour-
age researchers to choose a sufficient number of each type of repli-
cate to characterize variance estimates with enough confidence 
for the needs of their target application. CFE reactions that exhib-
ited low relative variance associated with technical replicates 
also exhibited low relative variance associated with measurement 
replicates, for example, CFE reactions containing DNA prepared 
with manual filter-based (MFP- and MFP+) workflows as com-
pared to manual bead-based (MBP- and MBP+) workflows. A large 
variance estimate among measurement replicates indicates an 
increased benefit to taking more replicate measurements of a CFE 
reaction containing DNA prepared with the same DNA preparation 
workflow, for example, CFE reactions containing DNA prepared 
with bead-based (MBP-, MBP+, ABP- and ABP+) workflows.

CFE reactions containing DNA prepared with automated (AFP-, 
AFP+, ABP- and ABP+) workflows generally had larger variance in 
Ptiter and Prate than CFE reactions containing DNA prepared with 
manual (MFP-, MFP+, MBP- and MBP+) workflows (Figure 5). For 
filter-based workflows, although CFE reactions containing DNA 
prepared with automated (AFP- and AFP+) workflows appear more 
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Figure 6. Experimental design needed for each DNA preparation workflow to achieve the estimated relative variance in Ptiter and Prate from the least 
variable workflow. DNA workflows are compared based on how many technical replicates from one workflow would need to be pooled to achieve the 
same variance in Ptiter and Prate as one technical replicate from another workflow. The number of replicate measurements taken for each pool of 
technical replicates is given at the right of each panel row. Estimates connected by a horizontal dashed line are not statistically significantly different 
according to the Bonferroni corrected P-value threshold of 0.05/28. Error bars provide 95% confidence intervals evaluated using nonparametric 
bootstrapping. This analysis provides practical guidance on the number of pooled technical replicates required to achieve the same variance in Ptiter
and Prate as CFE reactions containing DNA prepared with the least variable (MFP-) workflow.

variable in Ptiter and Prate than CFE reactions containing DNA pre-
pared with manual (MFP- and MFP+) workflows, this difference 
was not statistically significant. The performance of the bead-
based (MBP-, MBP+, ABP- and ABP+) workflows was more diffi-
cult to evaluate, because fluorescence measurements from CFE 
reactions containing DNA prepared with ABP- and ABP+ work-
flows were scaled to account for the variable DNA concentra-
tion in those reactions (see Materials and Methods). Bead-based 
workflows generally had larger variance from both technical and 
measurement replicates.

To interpret practical implications of the observed differences 
in variance in Ptiter and Prate between DNA preparation workflows, 
we compared the workflows based on how many technical repli-
cates from one workflow would need to be pooled to achieve the 
same variance as one technical replicate from another workflow 
(see Materials and Methods). The MFP- workflow was chosen as 
a baseline for comparison due to its low variability for both Ptiter

and Prate (Figure 6). We determined that the MBP- workflow was the 
most variable overall in terms of Ptiter and Prate and was estimated 
to require the most technical replicates compared to other DNA 
preparation workflows. In general, bead-based workflows required 

more technical replicates than filter-based workflows to achieve 
the same variance as MFP-. The number of technical replicates 
required for the AFP- and AFP+ workflows was not statistically 
different, indicating that the performance of these workflows is 
comparable in terms of variance in Ptiter and Prate and the postpro-
cessing for these workflows did not confer an obvious benefit. The 
automated DNA preparation workflows often required more tech-
nical replicates than their manual counterparts, indicating that a 
skilled technician may perform higher-quality work than a high-
throughput automated workflow. However, the greater throughput 
offered by automation may outweigh disadvantages associated 
with performing additional technical replicates to reduce the 
overall variance.

Numerous factors may be considered to further improve the 
automated DNA preparation workflows for CFE applications. 
The automated workflows in this study combine individual sub-
operations performed in order, such as (i) aliquoting of large liquid 
cultures into technical replicates, (ii) removal of the supernatant 
from spun-down cell aliquots, (iii) resuspension of the cells in 
buffer, (iv) DNA extraction, (v) DNA solution postprocessing and 
(vi) DNA quantitation. Each sub-operation and its accompanying 
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equipment need to be optimized individually for a given auto-
mated workflow. For all automated DNA preparation workflows, 
sample mixing upon addition of the lysis and neutralization 
buffers could be better characterized, for example, by using a col-
orimetric dye to visualize sample mixing. For lysate clearing, we 
found using a centrifuge to be superior to using a positive pressure 
manifold in terms of the volume and clarity of the lysate achieved. 
If using a positive pressure manifold, further optimization of the 
pressure and duration parameters as well as a more deliberate 
sampling of filter plates including a variety of filter materials, 
pore sizes and plate nozzle dimensions could further improve the 
lysate clearing step. For magnetic-bead-based extraction work-
flows, optimizing the volumetric ratio of the neutralization buffer 
and the lysis buffer to cell volume could improve the lysate quality. 
Optimizing the resuspension of the magnetic beads after the addi-
tion of each wash buffer to reduce physical damage to the DNA 
template due to vigorous pipetting could improve the quality of 
the resulting DNA solution. Similarly, testing a variety of magnetic 
separation racks and complementary labware to reduce sample 
carryover during DNA wash and elution steps could reduce con-
tamination in the DNA solution. Pipetting volumes <10 μl using 
traditional positive pressure displacement liquid handlers should 
be avoided, because the accuracy and precision of each pipetting 
step can vary up to 150% (40).

4. Conclusion
To understand and reduce variability in the performance of CFE, 
the concentration of the DNA template, the quality of the DNA 
template in terms of physical damage and the quality of the DNA 
solution in terms of purity should be characterized and controlled. 
Beyond the concentration of DNA in solution, further characteri-
zation of the quality—and by extension the biological activity—of 
that DNA would give insight into the expected performance of 
CFE using that prepared DNA template. For example, size and 
topology determination using established separation techniques, 
such as capillary electrophoresis, atomic force microscopy or sin-
gle molecule methods, would improve on typical measurements 
at the state of the art. This will likely become increasingly impor-
tant for applications of CFE that rely on measurements of single 
molecules, such as may be used to characterize CFE reactions or 
for very-small-volume or fluidic devices (61).

Based on our results, we encourage researchers to test the 
effects of DNA template preparation workflows within the con-
text and needs of their target application, for example, using the 
analysis of variability presented here. Our study could be repeated 
to characterize other DNA preparation workflows or CFE reac-
tion systems. We caution that different technicians may perform 
manual work of varying quality that may also change with spe-
cific equipment and training. Automation removes the human 
operator but may introduce other potentially larger sources of 
variability that must be similarly characterized and understood. 
When selecting a DNA preparation workflow fit for a particular 
CFE application, the speed of DNA extraction, sample through-
put, and reproducibility requirements in Ptiter and Prate should be 
considered. Once the workflow to prepare the DNA template is iso-
lated as a source of variability, other aspects of the reaction may 
be explored to ensure that the performance of the CFE reaction 
meets specifications for the application at hand.
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