
Cell- free gene expression (CFE) harnesses the transcrip-
tion and translation machinery of living cells to enable 
protein synthesis in vitro through the expression of 
natural or synthetic DNA. In the 1960s, the process 
of translation was extracted from living cells to estab-
lish the genetic code embedded into living cells. This 
also revealed that the complex parts of the machinery 
of life could be reconstituted in test tubes, without the 
requirements of a cell membrane or cell reproduction1–3. 
Coupled cell- free transcription–translation systems 
based on Escherichia coli were devised soon thereaf-
ter4. The major steps needed to prepare and use CFE 
systems, although considerably optimized, have not 
changed (Fig. 1).

DNA- dependent protein synthesis by CFE requires 
isolating the molecular components for transcrip-
tion and translation from living cells by preparing a 
cytoplasmic lysate stripped of genetic material and 
membranes. The lysate is supplemented with buffers that 
provide the ribonucleosides and amino acids, an ATP 
regeneration system to sustain translation and several 
biochemical cofactors to enhance CFE. Such an open 
and accessible environment offers unrivalled flexibility 
to adjust the biochemical environment and engineer bio-
logical systems by executing synthetic genetic circuits 
assembled in the laboratory.

CFE already offers powerful capabilities, and areas 
for further improvement have been clearly identified. 
The ability to express genetic circuits in the absence 
of the rest of the genome allows experiments to be 
carried out in isolation without endogenous DNA. 
Current CFE technology uses a rapid experimental 
set- up for high- throughput operations able to test and 

analyse many more genetic constructs simultaneously 
than would be possible using an in vivo system, allow-
ing scalability from the femtolitre to litre scale over a 
broad variety of reaction volumes and containers5.  
A further benefit of CFE is its demonstrated portability6. 
As a result, the capabilities offered by CFE are becoming 
attractive for a broad range of applications7. However, 
the state of the art allows the preparation of highly effi-
cient CFE systems (>1 mg ml–1 of synthesized proteins 
considered an informal metric for highly efficient CFE) 
from only approximately half a dozen organisms8. With 
a reaction lifetime of less than a day, CFE cannot yet sup-
port the synthesis of long- lived genetically programmed 
autonomous biological systems.

The new generation of CFE systems
A new generation of CFE systems has emerged in the 
past 20 years that provides competitive advantages for 
engineering biology towards practical applications 
beyond the laboratory6. Modern CFE systems, with pro-
tein yields up to several milligrams per millilitre9, offer 
broad versatility, scalability and portability5. Current 
CFE systems also extend fundamental studies in other 
research fields, particularly biology, chemistry and phys-
ics10–12. These capabilities required several key technical 
advances. First, the amount of protein produced using 
modern CFE systems allows synthetic DNA constructs 
with biological relevance to be expressed, from single 
short pieces of DNA to long genetic programmes encod-
ing >100 genes5. Increased understanding and new 
methods to provide more biochemical energy to lysates 
has led to CFE systems capable of routine protein syn-
thesis at the milligram level13. Second, although far from 
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understood, the large biochemical parameter space of 
a CFE reaction is now amenable to machine learning 
approaches14. Finally, proteomic studies have revealed 
the content of extract- based CFE systems, which may 
be exploited to improve protein synthesis or enzymatic 
pathways15,16.

CFE can also offer a more convenient prototyping 
platform for testing engineered biological functions 
than a living chassis. Although some early demonstra-
tions have shown good transferability between CFE 
and cell- based function17–19, further work is required 
to predict and design function in vitro before trans-
ferring to in vivo systems. Although still widely used 
and one of the most efficient, the T7 transcription 
system is no longer the only option to express genes 
in vitro9,17,20,21. The repertoire of DNA parts that can be 
expressed in CFE extends to natural bacterial regula-
tory elements22,23. CFE is also compatible with modern 
laboratory automation at both academic and industrial 

scales. This enables high- throughput reaction assembly 
and execution, offering the potential to improve repro-
ducibility, as well as more rapid workflows to screen 
constructed DNA designs24 or the activity of enzymes 
in parallel25, for example. CFE systems are gaining 
increasingly widespread use through their integration 
into the design–build–test–learn (DBTL) engineering 
workflow, common to synthetic and engineering biol-
ogy research. CFE also offers an alternative biopro-
cessing environment for biomanufacturing, both in the 
conventional sense of the production of biologics using 
cell- free bioreactors and for future distributed biomanu-
facturing6. Finally, the emerging efforts to interface 
CFE with synthetic substrates, such as unnatural amino 
acids26,27, as well as soft and hard materials28–30, seek to 
conceive novel hybrid smart materials, creating innova-
tive opportunities to expand the capabilities of biological 
and material systems.

Scope and goals of this review
Achieving cell- free protein synthesis in optimal condi-
tions requires specific skills and knowledge. This Primer 
offers practical approaches to CFE, emphasizing the 
first principles of its workflow (Fig. 1) and allowing both 
new and existing practitioners to assimilate best prac-
tices. We provide metrics to benchmark the successful 
implementation of the major steps in the preparation of 
CFE systems to facilitate troubleshooting. Although the 
synthetic yield of a reporter protein remains a typical 
metric of CFE performance, other metrics can be con-
sidered, such as the response time and dynamic range of 
a biosensor. Other recent reviews provide complemen-
tary discussions focused, for example, on applications7, 
choosing the type of cells for specific applications8 and 
the history of cell extract methodology31.

E. coli remains — both historically and currently — 
the most common model system for CFE and, indeed, 
for molecular biology broadly. It is also one of the most 
studied and best characterized organisms32. The growth 
of E. coli cultures is rapid and inexpensive. Additionally, 
the panoply of applications using E. coli- based CFE 
systems is vast and growing. In this Primer, we focus on 
the basic workflow for preparing and using lysate- based 
E. coli CFE systems, anticipating that mastering these 
serves as a solid foundation for many current and future 
applications. The PURE system, a highly popular CFE sys-
tem reconstituted from purified E. coli components33, 
is not the primary focus of this article, although several 
examples related to this platform are given. To orient the 
reader, this Primer also presents exemplary CFE applica-
tions in biomanufacturing proteins and therapeutics, pro-
totyping genetic parts and engineering biological- based 
sensors. This is followed by a discussion of reproduci-
bility in CFE experiments and a consideration of current 
limitations, both for CFE broadly and E. coli-based CFE 
specifically. Finally, we describe exciting opportunities for 
CFE systems over the next decade.

Experimentation
E. coli CFE systems can synthesize a broad variety of 
proteins, including soluble proteins such as enzymes 
or reporters, proteins with disulfide bonds such as 
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Fig. 1 | Overview of a typical CFE workflow. General considerations for users at each 
step are included. CFE, cell- free gene expression.

The PURE system
(The Protein synthesis Using 
recombinant Elements system). 
A system that reconstitutes the 
Escherichia coli translational 
machinery with fully 
recombinant proteins,  
with the exception of 
ribosomes and tRNAs.
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antibodies and membrane proteins such as channels or 
transporters34. E. coli CFE systems are unable to produce 
proteins with post- translational modifications, such as 
glycosylation, ubiquitylation, lipidation, nitrosylation, 
methylation and acetylation. These types of protein 
modification are typically found in eukaryotic organ-
isms. Because E. coli lysate is rich in chaperones to assist 
protein folding15,35, soluble proteins produced in E. coli 
CFE systems generally fold robustly. In all cases, folding 
is a protein- dependent mechanism that can be charac-
terized using technologies such as NMR, crystallography 
or circular dichroism.

The synthesis of enhanced green fluorescent protein 
(eGFP) in an E. coli CFE system offers an ideal experi-
mental workflow to rapidly master the basic techniques 
and tools of this technology and provides a good 
foundation for various applications. E. coli CFE systems 
are ubiquitous, technically accessible and efficient plat-
forms for protein production, producing >0.5 mg ml–1 
of eGFP, for example. Moreover, eGFP is a common, 
commercially available, fluorescent reporter protein 
with a maturation time of 5–10 min, facilitating quan-
titative measurements using typical laboratory instru-
ments. We present this illustrative example to describe 

the rudiments of CFE preparation and execution, focus-
ing on meeting important performance metrics and 
avoiding common mistakes.

Many E. coli CFE systems are available commercially 
(Supplementary Table 1). Although CFE generally pre-
sents few safety concerns for the user, the technology 
itself is sensitive to contaminants, and so standard per-
sonal protective equipment is recommended to avoid 
contamination of the reaction.

Custom- made CFE systems
A CFE system requires several components: the lysate, 
whose preparation spans 3–4 days19,36; the aqueous solu-
tions including the energy mix and the amino acid mix, 
which each take approximately 0.5 days to prepare19,36; 
magnesium, potassium and polyethylene glycol (PEG), 
which require approximately 1 h to prepare; and the DNA 
template, which is prepared over approximately 2 days.

E. coli lysate preparation. Lysate is a cytoplasmic extract 
that provides the necessary molecular components for 
translation, composed of the ribosomes and translation 
cofactors15,35. Its preparation comprises four major steps 
(Fig. 2): cell growth, lysis, pre- incubation and dialysis. 
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Goals
• Extract translation molecular components
• Remove insoluble material (membranes)

Key elements
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pulling on the centrifuged cell debris

Goals
• Activate transcription and translation
• Degrade leovers of endogenous DNA

and RNA

Key elements
• Lysate volume to tube volume: 1:3–1:5
• Samples are supposed to be turbid at the end 

of the incubation

Goals
• Get rid of small molecules (<10 kDa)
• Adjust the pH to between 7.5 and 8.5

Key elements
• Maintain 0–4 °C throughout dialysis
• Aliquot based on usage, flash freeze in liquid 

nitrogen and store at –80 °C (lifetime >1 year)

Pre-incubate Collect

Collect Aliquot
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Fig. 2 | Key steps for Escherichia coli lysate preparation. Process typically requires 3 days and involves four steps. a | Cell 
growth to OD600 of 2–4 in 2.5- l baffled flask and collection by centrifugation. b | Washing cells three times in an iso- osmotic 
buffer at 4 °C, and cell lysis performed at 4 °C using the same iso- osmotic buffer. c | Incubation of the lysate in 14- ml culture 
tubes at 37 °C in a shaker incubator for 2 h. d | Dialysis of the lysate at 4 °C in a 2- l beaker with a magnetic bar to stir the buffer, 
and storage at –80 °C. The dialysis step is optional, providing a lysate with greater efficacy for cell- free gene expression (CFE).
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A 1- l cell culture usually yields 4–8 ml of lysate, suita-
ble for 12–20 ml of CFE reactions. All flasks, tubes and 
glassware should be cleaned and sterilized; the use of 
diethyl pyrocarbonate (DEPC)- treated water during 
sterilization is not necessary.

Rapid culture growth rates (OD600 ~ 3 after 3–4 h) 
are essential to obtain productive lysates rich in ribo-
somes37. This is achieved using a rich media38, such as 
2× YPT. The addition of phosphates (22 mmol l–1 potas-
sium phosphate monobasic and 40 mmol l–1 potassium 
phosphate dibasic) to the 2× YT growth medium main-
tains a constant pH, and lowers the phosphatase activ-
ity of the lysate38. After assembling the CFE reaction,  
a lower phosphatase activity prevents rapid degradation 
of ribonucleosides, ATP and GTP, which are important 
precursors for nucleic acid and energy metabolites.  
E. coli BL21 DE3 strains offer the convenience of pro-
ducing T7 RNA polymerase before cell lysis, along with 
the genetic deletion of several proteases (Supplementary 
Table 2). Details about cell growth and washing as well 
as cell lysis methods can be found in Supplementary 
Tables 3 and 4.

After cell lysis, the supernatant is recovered with a 
pipette without disturbing debris from the pellet. The 
supernatant is placed in a new sterile tube and incubated 
to degrade endogenous mRNAs. The pre- incubation 
also allows endogenous transcription and translation 
to come to completion, which activates the lysate39. 
Centrifugation removes DNA (Supplementary Table 5). 
Although not strictly necessary, a third step uses dialy-
sis prior to storing the lysate to remove molecular com-
ponents smaller than 10 kDa, which improves protein 
yields by up to 50%36 (Supplementary Table 5).

The most productive lysates have a protein concen-
tration of 30–50 mg ml–1 (REF.36), although the preferred 
lysate protein concentration is approximately 30 mg ml–1, 
representing a tenfold dilution of the E. coli cytoplasm40. 
For a lysate with a protein concentration out of this 
range, preparing a new lysate is recommended. The 
lysate is added to a CFE reaction to a final concentra-
tion of approximately 10 mg ml–1, or 33% of the reaction 
volume if the lysate protein concentration is 30 mg ml–1. 
A cell extract may be verified as cell- free by plating a 
portion on agar plates without antibiotic; any living cells 
will grow, enabling estimation of the concentration of 
living cells remaining in the lysate.

Supplemental aqueous solutions for a CFE reaction. 
Recipes and protocols for both the energy mix and the 
amino acid mix have been reported (Supplementary 
Table 6). The energy mix mainly contains the four 
ribonucleosides and a phosphate donor for ATP regen-
eration. Although not always necessary13, tRNAs may 
be added to the energy mix, which may improve but 
does not decrease cell- free protein synthesis. Three 
other aqueous stock solutions are necessary for CFE 
reactions and should be prepared fresh at least every 
month: magnesium glutamate (1 mol l–1), potassium glu-
tamate (3 mol l–1) and PEG 8000 (40% w/v). Magnesium 
and potassium are essential ions. Acetate (for example, 
magnesium acetate) and glutamate (for example, mag-
nesium glutamate) counterions are preferred for E. coli 

CFE systems, based on empirical results. PEG emulates 
molecular crowding in vivo and is often necessary, due 
to the substantially lower density of biomolecules in a 
CFE reaction than in a cell41. Ficoll and Dextran can be 
used as alternative molecular crowding agents. Although 
increasing molecular crowding is not always necessary, it 
is recommended to verify whether a molecular crowding 
agent increases CFE performance.

Preparation of the DNA template
The proper choice, preparation and storage of DNA 
templates is critical to achieving high- performance 
CFE. The DNA is first prepared using a commercially 
available DNA prep kit. To obtain high- quality DNA 
for CFE, subsequent clean up is recommended using a 
PCR purification kit, followed by elution with autoclaved 
18.2 MΩ cm–1 water. A high- quality DNA template is 
indicated by ratio absorbance measurements at A260/280 
of 1.8–2.0. Although both circular plasmids and linear 
DNA may be used42–44, plasmids enable up to two-
fold9 greater CFE activity than linear PCR products. 
Plasmids are more stable in CFE reactions than linear 
DNA, because linear DNA can be degraded by protease 
RecBCD. Nonetheless, linear DNA templates, espe-
cially from PCR, offer attractive advantages for many 
applications, owing to their more rapid and less costly 
preparation over circular plasmid DNA. Furthermore, 
simple affordable methods are now available to limit 
degradation in CFE reactions43,44.

Components of the T7 transcription system — the T7 
RNA polymerase and T7p14 promoter — offer univer-
sal, powerful and accessible CFE. Therefore, a plasmid 
with the gene egfp cloned under the T7p14 promoter/
untranslated region and including the T7 terminator 
is ideal for assessing the efficiency of a CFE system 
(Supplementary Table 7). A DNA stock solution at 
>100 nmol l–1 is ideal, as a plasmid concentration in a 
CFE reaction varies typically from 0 to 20 nmol l–1. To aid 
in later protein purification, for example by affinity chro-
matography, a 6- histidine tag or other affinity tag may 
be added to the DNA coding sequence. The protocol for 
such purification in CFE does not differ from standard 
cell- based purification protocols.

Storage of CFE components
To avoid degradation of CFE components, each of the 
components must be stored at their appropriate storage 
temperature. The lysate, energy mix and amino acid mix 
solutions should typically be stored at –80 °C. At this 
temperature, these solutions have a shelf- life of >1 year. 
None of these components should be autoclaved. The 
potassium glutamate, magnesium glutamate and PEG 
stock solutions can be stored at room temperature 
and should be autoclaved prior to use. The DNA stock 
solutions should be aliquoted in small fluid volumes 
appropriate to their usage and stored at –20 °C.

CFE reaction planning
In addition to the reaction components themselves, per-
forming a CFE reaction requires basic benchtop equip-
ment (Fig. 3). When prepared by hand, the volume of a 
CFE reaction ranges from 10–20 µl to 1 ml. Preparing 
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CFE reactions smaller than 10 µl by hand is not advised 
because the volume of some components is smaller than 
1 µl, which introduces errors and variability in the reac-
tion. Oxygen is necessary for most of the components of 
CFE and for eGFP maturation45. The ratio of the reaction 
volume to the available air should be in the order of 100, 
such as a 10- µl reaction placed in a 1.5- ml vial. Reaction 
volumes of 2–5 µl in wells of 300–500 µl on a V- bottom 
well plate offer the convenience of not requiring shaking 
to oxygenate the CFE reaction; larger reaction volumes 
>100 µl usually require shaking at approximately 100 rpm 
for adequate oxygenation. For custom- made kits, a typ-
ical reaction is assembled on ice, to better approximate 
the same start time for the reaction for all of the wells 
when their temperature is raised simultaneously to the 
reaction temperature (Fig. 3). Most conditions for CFE 
reactions have been empirically established or optimized 
(Supplementary Table 8). The reaction vessels should 
be tightly closed to avoid evaporation. The incubation 
device should provide uniform temperature to the whole 
reaction vessel to avoid condensation. It is therefore not 
recommended to incubate CFE reactions on a dry block 
or in a water bath, where, for example, the cap is not 
at the same temperature as the rest of the vessel. Rather, 
the CFE reactions should be placed inside an incubator 
at uniform temperature.

CFE reactions have been observed to be most sensi-
tive to magnesium and DNA template concentrations, 
and a reaction with weak activity should be checked for 
concentrations that differ significantly from optimal val-
ues. For magnesium, a few millimoles per litre above or 
below the optimal concentration can result in at least a 
twofold decrease in protein synthesis (Supplementary 
Fig. 1). For plasmids, a few nanomoles per litre below the 
optimal concentration can also result in a several- fold 
decrease in protein synthesis (Supplementary Fig. 2). 
Magnesium is essential in living systems — in stabi-
lizing ribosomes46, acting as a metal cofactor in enzy-
matic reactions or in electrostatic shielding of negatively 
charged polymers such as DNA. Finding the optimal 
magnesium concentration of a custom- made CFE sys-
tem is essential and done by systematically varying the 
magnesium concentration, typically in increments of 
1–2 mmol l–1 between 0 and 15 mmol l–1, to screen for 
an optimal value in the resulting CFE (Supplementary 
Fig. 1). Determining the optimal plasmid concentra-
tion is achieved similarly, with plasmid concentrations 
typically ranging from 0 to 20 nmol l–1 in increments 
of 2–4 nmol l–1 and fixing magnesium at the optimal 
concentration (Supplementary Fig. 2).

Data collection
Fluorescence measurements using a plate reader and 
sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS–PAGE) are the most convenient measure-
ment methods to determine whether a CFE is active 
or a protein has been produced. eGFP, along with 
the truncated derivative deGFP9 or superfolder GFP 
(sfGFP)47, has a typical limit of detection of 10 nmol l–1 
for a 2- µl reaction on a 96- well plate measured using 
a Biotek H1m or Neo2 plate reader, or similar. A well 
may be measured every 1–5 min, depending on the 
needs of the study or application. The choice of signal 
amplification, sometimes defined as a photomultiplier 
tube gain, for the plate reader depends on the activity 
of CFE and should be tested to achieve a detector signal 
above background and below saturation of the detector. 
We recommend testing different amplifications using 
samples of purified eGFP (Cell Biolabs #STA-201) at 
different concentrations in volumes equal to the CFE 
reaction volume. For instance, a gain of 50–60 on a 
Biotek H1m is suitable for measuring protein synthe-
sis of >1 µmol l–1 eGFP for a reaction volume of 2–3 µl. 
End point measurements taken after the CFE reaction 
reaches steady state may be executed similarly by test-
ing different gains. The negative control consists of 
a blank CFE reaction with no DNA template, which 
allows the measurement of background fluorescence 
levels. A positive control consists of a CFE reaction 
without DNA template and 1 µmol l–1 of purified eGFP. 
SDS–PAGE measurements verify the production of the 
target protein in a CFE reaction, with a typical detec-
tion limit of ~100 ng with Coomassie blue staining and 
~10 ng with silver staining. The percentage of acryla-
mide is adjusted based on the size of the CFE product: 
20% for peptides of 2–5 kDa, 16% for small (5–15 kDa) 
proteins, 12% for eGFP at 27 kDa and 7% for proteins 
>100 kDa.

a  Preparation

Laboratory
gear

Bench
equipment

Reaction
vessels

b  Assembly

DNA

Energy mix

Co-factors mq H
2
O

Amino acids

Lysate

Mg

PEG

K

c  Measurement

Fluorescence
(kinetics and end point)

Incubate
≈4–12 h
Analyse data

SDS–PAGE

Fig. 3 | Equipment needed for CFE a | Experiment preparation. Necessary equipment 
includes disposable gloves, face masks, safety glasses, calibrated pipettes, tube racks,  
a vortexer with adjustable speed allowing gentle vortexing (<4,000 rpm) for short  
time periods (<10 s) to mix the reaction, a minifuge to spin solutions down briefly after 
vortexing and 70% ethanol to clean and sterilize the work area. b | A custom- made cell- 
free gene expression (CFE) system typically including six sets of different aqueous solutions 
including the DNA template, lysate, energy mix, amino acid mix, cofactors and magnesium. 
The reactions are assembled in 1.5- ml tubes or microwell plates. c | For time course 
fluorescence measurements, a plate reader should be programmed before assembling 
the reaction to reach the desired incubation temperature. Once loaded onto a well plate, 
reactions are directly incubated and monitored in real time on the plate reader. For end 
point fluorescence measurements, the tubes or well plate are placed in an incubator. After 
incubation, data are analysed and plotted. For non- fluorescent proteins or peptides, sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) offers a suitable technique 
to analyse CFE products. PEG, polyethylene glycol.
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Results
Although many techniques are available to determine 
whether a protein or a peptide has been produced in 
a CFE reaction, SDS–PAGE and fluorescence are by 
far the most convenient and affordable, in addition to 
being quantitative. Here, we describe the advantages and 
most important properties of these two techniques that 
are the most used in CFE research. Besides these two 
methods, the function and activity of a CFE reaction 
product has to be characterized by assays specific to the 
protein or peptide synthesized. For instance, SDS–PAGE 
and fluorescence can be accompanied by sophisticated 
techniques such as mass spectrometry15,35.

SDS–PAGE
Protein quantification on SDS–PAGE. SDS–PAGE 
remains one of the most useful techniques to deter-
mine whether a protein has been produced in a CFE 
reaction, when the product is not fluorescently labelled 
(Fig. 4). Peptides from 10 amino acids (1 kDa) up to pro-
teins of 250 kDa can be visualized by SDS–PAGE with 
20% and 5% acrylamide, respectively. Basic Coomassie 
SDS–PAGE has a protein detection limit of 100 ng. Thus,  
a protein concentration as low as 20 µg ml–1 (5 µl of the 
CFE reaction) can be detected. A silver staining gel has 
a protein detection limit of 10 ng µl–1. Relatively precise 
quantification is possible using either a protein calibrant 

such as bovine serum albumin (BSA)48 or the pure pro-
tein of interest if available. The BSA quantification 
approach is inexpensive as it requires a basic computer 
scanner and free software such as ImageJ to analyse 
the bands on the image produced by the scanner. For 
proteins synthesized at low concentrations, the protein 
band can be excised from the gel and processed using 
advanced techniques such as mass spectrometry49.

Proteins or peptides synthesized in CFE systems 
can be purified prior to SDS–PAGE analysis. A protein 
having a 6- histidine tag in the amino terminus or car-
boxy terminus, for instance, can be purified by affinity 
chromatography using standard procedures50. Other 
tags, such as GST or Strep- tag, can also be employed51–54.

Validation of the results. Choosing the right polyacryl-
amide percentage is essential to achieve the desired 
separation of the protein band of interest from the CFE 
reaction background. A rough estimation of the protein 
size and amount produced by SDS–PAGE is done on 
a single gel only, as comparing the intensity of a band 
from one gel with another is not recommended, owing 
to variation in staining between gels. Quantification 
requires diluting the completed CFE reaction in a blank 
CFE reaction containing all of the components except 
plasmids and running SDS–PAGE using aliquots of dif-
ferent dilution strength in order to create several bands 
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Fig. 4 | Representative CFE results. Cell- free gene expression (CFE) kit: myTXTL (Arbor Biosciences) contains all necessary 
components for CFE except the DNA. All genes expressed through the T7 promoter (2 nmol l–1 T7p14 gene). a | Sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) shows production of the reporter protein deGFP (25 kDa) 
and the Escherichia coli membrane protein MscL (15 kDa), marker (M) and Ø blank CFE reaction (no gene expressed). 
Reactions incubated for 12 h on a V- bottom well plate in a static incubator. b | Time course and end point fluorescence 
measurements of deGFP (circles) and mCherry (squares) production. Fluorescence signal for each well in arbitrary units 
averaged over five reads and converted into the protein concentration using the calibration shown in Supplementary 
Fig. 5. Bars correspond to one standard deviation of measurements for triplicate wells (triplicate technical replicates for one 
biological sample) at each time point. Reactions incubated on a V- bottom well plate in a Biotek H1m plate reader. Shaded 
regions I, II and III mark the three different phases of cell- free protein synthesis for deGFP. c | End point measurement of 
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prepared according to REF.190. eGFP, enhanced green fluorescent protein.
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of the protein of interest at different intensities with the 
same background.

Fluorescence measurements
Kinetics and end points. Fluorescence offers a practical, 
rapid, accessible and scalable measurement method for 
CFE (Supplementary Table 9). Beyond proteins in solu-
tion, fluorescence measurements may also quantify and 
reveal the location of membrane proteins. For example, 
only membrane proteins folded correctly and embedded 
in a lipid membrane can result in an increased fluores-
cence signal55. A fluorescent reporter protein, such as 
eGFP, also allows measurements of dynamics in CFE, 
as well as the performance of regulatory elements18 and 
gene circuits56–58.

The most important factors in determining the 
length of time during which protein synthesis remains 
active in a CFE reaction are the incubation tempera-
ture and the strength of the ATP regeneration system 
(Supplementary Table 6). When a reporter protein, 
such as eGFP, with a folding time of 5–10 min is syn-
thesized at an optimal temperature (usually 29–37 °C; 
Supplementary Table 1), the typical reaction time 
course includes three phases (Fig. 4): an initial phase of 
0–60 min, during which the synthesized mRNAs are 
produced; a phase of 1–8 h that appears as a quasilinear 
accumulation of the produced protein; and a plateau 
phase that indicates the reaction has run to completion. 
CFE typically stops after several hours for multiple rea-
sons: a finite amount of essential nucleic acid and protein 
building blocks in the reaction; a decrease of the adeny-
late energy charge index affects translation59; and a drop 
in reaction pH caused by accumulation of by- products 
of transcription–translation60.

Proteins have different maturation times that can 
affect the length of each of the three phases of a CFE 
reaction. Red fluorescent proteins, for example, are 
known to fold slowly (~0.5–2 h) compared with eGFP61. 
When mCherry is synthesized in the same conditions 
as eGFP, the three phases span different lengths of time 
due to the slow maturation time of the former (Fig. 4). 
In the case of mCherry, the plateau occurs after ~16 h. 
CFE of a water- soluble protein follows dynamics within 
the time spans of eGFP and mCherry. Consequently,  
a CFE reaction may require incubation for up to 16 h to 
ensure completion.

Mathematical models describe the first two parts of 
the typical time course, during which the CFE reaction 
is not limited by resources or the reaction physiology, 
such as a decrease in pH. In particular, CFE observed 
in the linear accumulation phase from 1 to 8 h reaches 
a maximum reaction rate, limited by either the strength 
of the ATP regeneration system62 or saturation of the 
translation machinery63. The potential for computational 
modelling to provide information necessary to optimize 
and augment lysate- based E. coli CFE systems is not cur-
rently being explored, however. The consumption of bio-
chemical nutrients (for example, ribonucleosides, amino 
acids) affects the duration of CFE, and thus how long 
protein synthesis remains active. Because a CFE reaction 
contains between 50 and 100 different biochemical spe-
cies, analysing the use of a particular component, such as 

ATP, requires different assays to assess their concentra-
tions. We anticipate that technologies enabling simulta-
neous characterization of multiple components, such as 
metabolomics, will soon provide thorough descriptions 
of biochemical nutrient utilization in CFE reactions. 
We also anticipate time course measurements to aid in 
understanding and optimization of biochemical nutrient 
utilization.

Because it is a purified system, the PURE system 
offers an easier platform for modelling the biochemical 
reactions associated with the dynamics of transcription 
and translation. The PURE system was recently compu-
tationally modelled by a biochemical reaction network 
of about 1,000 reactions64. Although still involving many 
adjustable parameters, the PURE system is considered 
more tractable than lysate- based systems. The analy-
sis of such a complex dynamical system revealed, for 
instance, the robustness and insensitivity of CFE to vari-
ations in transcription–translation kinetic parameters65. 
Independently, a mechanistic computational model of 
CFE revealed some of the factors limiting CFE66, includ-
ing inefficient usage of ribosomes and depletion of key 
initiation factors.

End point measurements are often useful to ana-
lyse how a particular biochemical or other parameter 
impacts protein synthesis. The end point synthesis of 
eGFP as a function of plasmid template concentration 
follows two phases: a linear function of protein yield as 
a function of time from 0 to 5 nmol l–1 of DNA template, 
and a saturated plateau in the function of protein yield 
as a function of time at larger DNA template concentra-
tions (Supplementary Fig. 2). Above a threshold amount 
of DNA template, the protein synthesis rate and yield do 
not increase, owing to an apparent saturation in transla-
tion machinery63. Protein production typically peaks at 
amino acid concentrations of ~3–4 mmol l–1 each (Fig. 4). 
As for magnesium, template DNA and amino acids, any 
biochemicals not necessary for CFE but essential for 
studying a particular gene product or gene circuit func-
tion may be assayed and optimized by testing a range of 
concentrations and measuring the impact on synthesis 
of a reporter protein. As an example, chemicals such as 
NADPH of nickel ions that are not part of the CFE recipe 
can be tested by doing such a range of concentrations. 
The results show that CFE remains strong up to a con-
centration of 1 mmol l–1 and 2.5 mmol l–1 of NADPH and 
nickel ions, respectively (Supplementary Figs 3 and 4).

Expressing a fluorescent RNA aptamer encoded into 
the mRNA of the reporter is also useful to test for active 
transcription. Spinach67,68, broccoli69,70 and malachite 
green63,71 aptamers all function in E. coli CFE systems 
and offer a practical resource for troubleshooting CFE 
efficiency, especially when a reporter protein is not pres-
ent or detectable in a CFE reaction. Fluorescent aptam-
ers also allow real- time measurements of transcription; 
when coupled to reporter protein measurements, this 
allows simultaneous measurement of both transcription 
and translation.

Fluorescence quantification. Many measurements of 
CFE rely on fluorescence assays, which require calibra-
tion to calculate meaningful quantities from arbitrary 
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or relative units. Calibration of equipment and meas-
urements increases confidence in the results, aids in 
comparability between measurements, and can allow 
conversion from relative units to absolute units or the 
International System of Units (SI) units, such as nano-
moles per litre or micromoles per litre. For example, 
fluorescence intensity measured using a plate reader 
is often calibrated to the concentration of a fluores-
cent protein in solution using a commercially available 
reporter protein, such as eGFP (Cell Biolabs #STA-201 
or Biovision #4999-100). First, the concentration of the 
undiluted stock of eGFP, usually provided at 1 mg ml–1, 
is confirmed by measurement with a calibrated spec-
trometer, to see whether these values agree to within the 
uncertainty72. The values can differ significantly, and  
the manufacturer’s value may be disregarded in favour of 
more careful measurement of the stock concentration for 
subsequent use in calibrating the plate reader. Second, an 
eGFP calibration of the measurement device is carried 
out (Supplementary Fig. 5). Although Microsoft Excel 
is sufficient to analyse the data, other scientific comput-
ing software may also be used, such as MATLAB, Prism, 
KaleidaGraph or Origin.

Confidence. Confidence in a result is determined through  
measurement assurance and uncertainty analysis. 
Ideally, an experiment should be designed to fit the 
intended purpose with the greatest confidence in 
the results. Good experimental design includes, for 
example, positive and negative controls, appropriate 
numbers of technical and biological replicates, use of 
formal design of experiment approaches, consideration 
of systematic and random error, and statistical analyses. 
Although a quantitative result with uncertainty to meet 
target specifications may require careful measurements, 
a rapid, qualitative result to determine whether a reac-
tion yields any measurable fluorescence at all is some-
times sufficient. Specific steps in a CFE workflow and 
data analysis should be guided by ensuring fitness for 
the intended purpose.

The ability to reproduce a measured result provides a 
good check on confidence in CFE performance. A CFE 
experiment might be repeated using the same reagents 
and protocol but performed by a different researcher. 
Alternatively, the experiment can be repeated by a 
different researcher and using reagents, including cell 
lysate, prepared separately but using the same proto-
cols. Consider the example of determining the magne-
sium concentration that maximizes the protein yield 
(Supplementary Fig. 1). Depending on the intended use 
of the CFE system, agreement of the optimal magne-
sium concentration to within ~1 mmol l–1 can indicate 
good reproducibility, as this has been shown to result 
in identical protein yields to within the experimental 
uncertainty73.

An outlier measurement is characterized by a data 
point that stands far apart from other data points in 
the same set of repeats. Outlier measurements occur 
frequently in CFE, especially during fluorescence meas-
urements. An experiment with outlying measurements 
should be repeated, especially when the outlying result 
cannot be attributed to an obvious deviation from the 

protocol or error. Dust and manual pipetting errors, for 
example, commonly lead to unexpected results.

Applications
Producing proteins is the most basic application of CFE. 
Compared with other methods for protein production, 
CFE has several desirable attributes that suit a range of 
applications (Fig. 5). These include, for example, rapid 
timescales for protein synthesis74,75, consistent behaviour 
from microlitre to 100- l scales76,77, desiccation tolerance, 
direct access to the reaction environment and ease of 
purification78. In this section, we discuss how these and 
other attributes enable applications accessible to those 
entering the field.

Membrane and other proteins
The study of proteins is critical to our understanding 
of living processes. This often entails protein synthesis 
and downstream analysis yielding rich data sets that 
report biochemical properties, including structural 
data79, kinetic parameters80 and equilibrium binding 
constants81 amongst others. Recombinant expression of 
specific proteins can result in low yields or misfolding. 
This is particularly true of membrane proteins, which 
are often toxic when overexpressed82 and yet account 
for nearly a third of all gene products83, illustrating their 
importance. The ability to directly modify the lipid 
composition of the CFE reaction and to operate under 
conditions that are not conducive to life makes CFE an 
ideal tool for membrane protein overexpression. This 
application of CFE was highlighted by the synthesis of 
120 E. coli membrane proteins84, in which 63% of the 
targets were synthesized by CFE, compared with the 44% 
achieved via synthesis in vivo. Subsequent studies have 
further highlighted the capability of CFE for efficient 
membrane protein production85. In particular, nanodiscs 
have rendered CFE of membrane proteins much more 
accessible86.

In addition to membrane proteins, CFE has also been 
applied to the synthesis of proteins that are cytotoxic87 or 
form inclusion bodies88, making purification challenging. 
CFE is also ideally suited to high- efficiency 15N labelling 
of targeted amino acids for 3D structure determination 
by NMR89, because rates of amino acid metabolism 
in CFE reactions are lower, leading to a reduction in 
isotope scrambling90. In principle, there are other tech-
niques that are compatible with CFE, such as cryogenic 
electron microscopy.

Education
The synthesis of proteins using CFE is now used in edu-
cational kits91,92. BioBits kits, for example, fill a significant 
gap in the available resources to teach molecular and 
synthetic biology to high school students. Considering 
that BioBits kits use freeze- dried CFE and plasmids, 
they do not require cold- chain distribution or sterile 
conditions to function, factors that are often limiting for 
implementation in educational environments. Concepts 
such as tuning of gene expression are illustrated by get-
ting users to vary the plasmid DNA concentration in 
CFE reactions. Different proteins and materials can be 
produced, including fluorescent reporters, fragrances 

Nanodiscs
Stable particles in aqueous 
solution containing a 
phospholipid bilayer  
encircled by protein belts.

Inclusion bodies
Aggregates of protein that  
form within cells; in bacteria, 
generally the result of 
recombinant protein 
overexpression.

Isotope scrambling
The process by which 15N 
atoms are transferred to 
alternative amino acid types 
within the protein.
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and hydrogels91, each of which stimulate different senses, 
thus engaging users.

Prototyping biological devices
A central goal of synthetic biology is the engineering 
of genetic parts and devices, including safer chimeric 
antigen receptor (CAR) T cell therapies93, enzymatic 
cascades for biopharmaceutical synthesis94 and micro-
organisms that synthesize opioids95, to name a few96,97. 
A major bottleneck in this process is the time required to 
iterate through DBTL cycles, characterizing the effects of 
genetic variants. Depending on the host used for expres-
sion or being engineered, variants require days or weeks 
to generate prior to their analysis for functionality57.

An alternative approach to the characterization of 
genetic circuits in living cells is to analyse them using 
CFE. Given direct access to the reaction components, it 
is feasible to eliminate cloning procedures altogether by 
encoding variants on linear DNA, whose degradation 
by RecBCD in E. coli CFE systems can be inhibited42–44. 
Linear DNA is produced in less than 8 h, which repre-
sents significant time savings in the DBTL cycle. This 
approach was used in the development of five- node 

genetic ring oscillators, of which 95% oscillated for up 
to 72 h in vivo57. CFE is also ideal to rapidly prototype 
single and combinations of regulatory elements56. One 
limitation of using CFE for this approach pertains to 
potential growth- associated stress effects when genetic 
parts or circuits are transferred to in vivo systems, which 
are difficult to quantify using CFE24,57. Furthermore, 
best practices for ensuring prototyped parts and devices 
behave equivalently in vivo remain to be established, for 
example whether multiple or single plasmids should be 
used when transferring multiple parts.

CFE has also been applied to prototyping CRISPR 
technologies, such as the efficiency of a guide RNA 
(gRNA) or the function of a CRISPR enzyme. These tech-
nologies have many potential applications in fundamental 
research and as therapeutics, with treatments for genetic 
diseases such as sickle cell anaemia and β- thalassaemia98. 
Nevertheless, methods for characterizing CRISPR tech-
nologies in terms of protospacer adjacent motif (PAM) 
sequence requirements, gRNA specificity and the activity 
of new Cas or anti- CRISPR proteins are time- consuming, 
requiring days to weeks to perform, and are limited in 
scale, given the need for protein purification99,100 or cell 
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culture101. CFE addresses this issue by enabling research-
ers to prototype CRISPR technologies at scale using small 
volumes, via the synthesis of Cas proteins, gRNAs and 
a reporter18,102,103. Specifically, Cas nuclease cleavage of 
PAM sequences associated with reporter synthesis is 
measured via a decrease in reporter signal. Good cor-
relation between data generated from these assays and 
corresponding in vivo data has been reported for single 
gRNAs with different activities (R2 = 0.9)18. Although it 
has been suggested that this quantitative relationship 
may not extend to higher organisms, such as eukaryotes, 
an inhibitor of CRISPR–Cas12a prototyped in CFE was 
nevertheless functional in mammalian cells103.

Sensors
There is a growing need to monitor the presence of 
contaminants and pathogens in our environment using 
inexpensive, safe and reliable technologies. Biological 
systems have evolved the capacity to detect analytes 
using regulators that function at the transcriptional, 
translational and enzymatic levels. Synthetic biologists 
aim to leverage this functionality, creating sensors that 
fulfil the above requirements. Although this was origi-
nally achieved using whole- cell biosensors104, the appli-
cation of these sensors is limited, for example, by risks 
related to releasing genetically modified organisms into 
the environment7. Moving to CFE- based systems has 
several advantages, including improved safety, avoid-
ance of cold- chain storage through desiccation and the 
ability for incorporation into inexpensive materials, such 
as paper or cloth105.

CFE- based biosensors have been recently devised 
to detect compounds such as antibiotics106, endocrine- 
disrupting chemicals107 and herbicides108. These  
biosensors rely on different strategies to convert  
analyte concentrations into detectable signals. An exam-
ple of CFE- based biosensing involved the detection of 
the quorum sensing molecule N-(3- oxododecanoyl)- 
 l- homoserine lactone (3OC12- HSL) isolated from sam-
ples from patients with cystic fibrosis109. This quorum 
sensing molecule is produced by Pseudomonas aerugi-
nosa infections and has been found at higher concen-
trations in patients who are hospitalized than in those 
who are stable110. Using a CFE biosensor synthesizing 
a transcription factor activated by 3OC12- HSL, along 
with a downstream reporter, this quorum sensing mol-
ecule was detected at concentrations of nanomoles per 
litre, which are comparable with the sensitivity of liquid 
chromatography–mass spectrometry and suitable for 
clinical monitoring109. Although CFE- based biosensors 
show clear potential, to the best of our knowledge no 
examples of regulatory approval exist. Potential reasons 
for this may include specificity issues or variability in 
performance111.

Therapeutics
Protein- based biopharmaceuticals have a critical role to 
play in the prevention and treatment of disease. Between 
2015 and 2018, more than 50% of newly approved bio-
pharmaceuticals were monoclonal antibodies, a subset 
of this class of therapeutics112. It is therefore not sur-
prising that CFE is being applied to the development 

and production of biopharmaceuticals, including 
antimicrobial peptides113, cytokines77, vaccines114 and 
antibodies115.

A key challenge in the production of biopharmaceu-
ticals using bacterial CFE was the synthesis of proteins 
with disulfide bonds. The majority of biopharmaceuti-
cals are eukaryotic extracellular proteins requiring this 
post- translational modification. Disulfide bond forma-
tion, however, is incompatible with the native, reduc-
ing environment of the bacterial cytoplasm, leading to  
the synthesis of misfolded, insoluble aggregates116.  
To achieve titres in the range of 100 µg ml–1, several 
modifications to bacterial CFE were required, including 
deletion of the glutathione reductase gene117, inactiva-
tion of remaining reductases via alkylating agents118,119, 
a tailored concentration of glutathione and supplemen-
tation of disulfide isomerase to improve folding120,121. 
This approach has yielded protein targets that contain 
multiple disulfide bonds with 95% correctly folded77. 
Furthermore, conditions for large- scale production have 
been identified at the microtitre- plate scale, given that 
the rate of protein production was constant from 250 µl 
to 100 l (REF.77). This contrasts with process optimization 
for biopharmaceutical production using mammalian cell 
lines, which faces multiple challenges in moving between 
equivalent scales122.

CFE has also been suggested as a platform for point of 
care biopharmaceutical manufacturing123. Considering 
the production and distribution of biopharmaceuticals 
traditionally requires many weeks or months, point of 
care production has the potential to respond more rap-
idly to changes in demand, as could occur during an 
infection outbreak or natural disaster. Freeze- drying the 
components of the CFE reaction ensures stability for an 
additional 60 days at room temperature124, enabling stor-
age and transportation to the end user in the absence of 
a cold chain. This technology is suited to therapeutic 
production in challenging areas, such as battlefields or 
remote regions. Using freeze- dried CFE, antimicrobial 
peptides, vaccines, antibodies and small molecules have 
been produced6.

Reproducibility and data deposition
As with other experimental biological systems, repro-
ducibility remains a concern for the preparation, meas-
urement and application of CFE. The adoption of good 
laboratory practices as well as the development of stand-
ards and measurement assurance for CFE are expected 
to mitigate many of the factors contributing to perfor-
mance variability. As high- quality data sets become 
increasingly available for CFE, data and metadata 
repositories should emerge as important community 
resources.

Reproducibility
Researchers in CFE have identified a lack of reproduc-
ibility as a significant barrier to adoption and progress 
(TAblE 1). Good measurement practices, as well as the 
development of standards for measurements and data 
reporting, are important for reproducible and compara-
ble CFE measurements within and across laboratories111. 
Indeed, improvements to measurement quality already 

Quorum sensing molecule
A molecule used to 
communicate between 
individual bacterial cells.

Monoclonal antibodies
Antibodies made by cloning a 
unique white blood cell.
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inform a greater understanding of the components and 
function of CFE reactions, offering avenues for improved 
performance39,56,60,73,76,125–127, and published protocols and 
best practices are becoming increasingly available19,36,76 

(Supplementary Table 9). Addressing issues surround-
ing reproducibility will help distinguish true variabil-
ity in biological functions, providing natural limits on 
the engineerability of CFE systems. This knowledge 

Table 1 | Common problems and sources of variability for each step of the CFE workflow

Common sources of poor CFE Troubleshooting

Experimental design

Inadequate CFE system for desired application Determine necessary conditions to synthesize desired 
protein (soluble or membrane protein, disulfide bonds, 
post- translation modifications)

Incorrect DNA template design: regulatory elements 
(promoter, operators, untranslated region), genes

Always verify key DNA template regions by sequencing

Choose correct promoter with respect to CFE system

Carefully screen stoichiometry of DNA (plasmid, linear)Poor control over the expression of DNA

Workplace preparation and safety

Inappropriate or varying ambient environment Bench cleaned every day; pipette cleaned or autoclaved, tip 
boxes closed, sterile tubes and double distilled H2O usedContamination from dust or microbial growth

Non- sterile or non- nuclease- free conditions

Solution and reagent preparation

Uncalibrated pipettes and pipetting errors Calibrate pipettes every 6 months

Contaminated pipette tips Use sterile, boxed filter pipette tips

Lysate from bacteria harvested at wrong optical density Collect cells at mid- log phase for lysate preparation

Contaminated or old stock solutions Always use freshly prepared stock solutions

Improper storage of components Never use any unsure stock solution; re- prepare any 
questionable stock solutionIncorrect labelling of containers

Incorrect stock solution concentrations

DNA template purification

Plasmid from overgrown cell culture Collect cells at late exponential phase

Poor DNA quality PCR clean up of the DNA stock

Incorrect DNA template concentration Compare NanoDrop with assays using target- selective 
fluorescent dyes

Contamination of DNA template Re- prepare DNA stock

DNA resuspended in wrong solution

Reaction assembly

Uncalibrated pipettes and pipetting errors Calibrate pipettes every 6 months

Insufficient mixing of the CFE reaction Vortex gently after adding each component

Air gaps or bubbles in well Remove air with a tip, via centrifugation or gently tap  
the vessel

Wrong container volume or shape Reaction to available air ratio should be ∼100

Poor vessel sealing Make sure the reaction vessels are tightly sealed

Degradation of linear DNA templates Use GamS or Chi6 to inhibit DNA degradation

Reaction

Inappropriate plate reader settings Verify wavelength, time lapse, duration, temperature, plate 
type, top or bottom optics

Evaporation from poorly sealed plate Make sure the reactions vessels are tightly sealed

Measurement analysis

Saturated detector signal Pre- test different device amplification settings (gain)

Too few measurements or repeats for statistical analysis/
significance

Carefully choose the time lapse between each data point 
acquisition depending on expressed DNA; use statistical 
analysis and design of experiments to determine the 
number of replicates needed

Positional biases on well plates Run the same sample across a plate and check for outliers

Wrong range of calibration curve Avoid saturated signal, work in linear regime of calibration

CFE, cell-free gene expression.
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may render biological variability an enabling feature 
of engineering with CFE systems. Ultimately, more 
reproducible and comparable CFE measurements will 
advance CFE capabilities, for example by bridging the 
gap between in vitro and in vivo expression in DBTL 
workflows128.

Calibration
Calibration offers an immediately accessible way to 
improve measurement quality (Supplementary Fig. 5). 
Beyond simply aiding in troubleshooting and early 
detection of instrument problems, calibration provides 
the supporting data needed to quantify confidence in 
measurement results129. Routine instrument calibration 
should therefore be included throughout as an integral 
part of a CFE workflow. Incubation temperatures for cell 
growth and CFE could be calibrated using a traceable 
thermometer in an incubator, a temperature- sensitive 
dye in a multiwell plate or a calibration plate for a mul-
timode microplate reader. A plate reader manufactur-
er’s calibration for measurements of absorbance and 
fluorescence may include checks on the alignment of 
optical components, instrument sensitivity, linearity 
of the detector response for a known concentration of 
reference standard and co- planar orientation of the 
microwell plate to the carrier. Researchers may addi-
tionally measure calibration plates filled with water, 
fluorescent solution or absorbance solution, which can 
indicate bias across the microwell plate, for example, 
owing to differences in illumination, evaporation or 
membrane sealing. A calibration curve of a fluores-
cent reporter produced by the CFE system at known 
concentrations may also be included on the plate 
to convert between arbitrary fluorescence units and 
molar concentrations9,36.

Standardization
Beyond measurement assurance through calibration, 
standards for measurements can aid in reproducibility 
and comparability. Recombinant fluorescent reporters —  
especially versions of green fluorescent protein such as 
eGFP — have emerged as de facto standards for assay-
ing CFE performance, as have CFE systems based on 
E. coli. However, no formal standards exist for CFE, even 
as the field has issued informal calls for agreement in 
best practices, measurement assurance and standardiza-
tion throughout the basic CFE workflow128. Researchers 
may benefit from guidance on best practices for report-
ing data and methods, similar to minimal informa-
tion standards for cell culture130. A standard protocol 
for the preparation and use of a standard test plate to 
assess the composition and performance of a CFE reac-
tion further stands out as particularly promising in the 
near term128. Some researchers advocate the selection 
of a few representative CFE platforms for comprehen-
sive characterization, data repositories and modelling. 
Standardization may also facilitate the use of absolute 
measurements and traceability to the SI for CFE systems, 
further supporting reproducible and comparable CFE. 
Indeed, good measurement practices and measurement 
infrastructure promise to unlock real- world impact  
for CFE131.

Limitations and optimizations
Research optimization
In typical research and academic laboratory settings, 
access to hands- on training with skilled practitioners 
and quality reagents remains essential for rapid adop-
tion and troubleshooting of CFE. The CFE commu-
nity works actively to provide instruction, for example, 
through courses at the Cold Spring Harbor Laboratory 
and professional networking at Build- A- Cell workshops. 
Many laboratories prepare custom CFE reagents, but 
characterization can be costly and time- consuming, 
and the results may not even inform directly on CFE 
reliability and performance. Commercial kits pro-
vide a convenient, if costly, alternative. These could be 
expanded by manufacturers to include CFE systems 
based on more organisms, covering more steps in the 
workflow and with kit components optimized for CFE. 
New users would also benefit from more complete and 
accurate specification sheets and instructions, as well 
as the inclusion of information on benchmarking and 
troubleshooting.

Additional studies could systematically explore how 
various methods and materials affect the performance 
of CFE, beyond those published for select portions of 
the typical CFE workflow111 (Supplementary Table 9). 
For example, development of CFE systems based on 
new organisms has often proceeded successfully using 
protocols for E. coli132–136. Studies examining how spe-
cific protocol steps relate to reaction components 
and performance would aid in optimizing workflows  
specific to new CFE systems. These studies might con-
sider, for example, various methods for lysate prepa-
ration, cell growth conditions, optical density at cell 
harvest, reagent grade and contaminants, reaction 
headspace45, undissolved components125, DNA template 
preparation42–44 and ambient humidity and tempera-
ture. The growing prevalence of automation for CFE 
also warrants further investigation and guidance63,111,137  
(box 1).

The need for further studies arises, in part, owing to 
gaps in fundamental biology relevant to CFE. It should 
be noted that an E. coli cell extract comprises up to 
800 different proteins, many of which are metabolically 
active enzymes15,35. Given that CFE reactions take place 
against this complex metabolic background, a lack of 
clarity surrounding reaction composition, roles for each 
component and important parameters of a CFE reaction 
relevant to performance can hinder quantitative model-
ling138, prediction and optimization. The role of biolog-
ical variability for CFE also remains an open question, 
especially in relation to other sources of measurement 
uncertainty.

Application optimization
Despite the overwhelming popularity of CFE systems 
based on E. coli, these remain limited with respect to 
some applications. A number of the related technical 
challenges generalize to CFE systems more broadly, 
such as improving the longevity of CFE reactions and 
the efficiency of energy usage. There is also a need for 
new measurements and methods for dynamic control 
and optimization of resource utilization during CFE. 
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For example, analysis of energy consumption suggests 
that only ~0.6% of the theoretical energy available is 
expended for protein synthesis24. Secondary metabolites, 
such as acetate139, may accumulate and inhibit the reac-
tion. As discussed previously, many protein products 
relevant to applications require additional steps, such 
as post- translational modification, beyond the capa-
bilities of the biomolecular machinery in typical E. coli 
CFE systems. The utility of CFE to facilitate prototyping 
during the DBTL cycle and integration of genetic parts 
remains unclear, especially considering the challenge 
of translating and integrating these results into living 
cells. Scaling up CFE production to industrially relevant 
volumes may require investment in biofoundry infra-
structure, such as fermenters, automated liquid han-
dlers, DNA synthesis tools or downstream processing  
and purification.

Outlook
The potential in the near future of CFE as a major plat-
form for engineering biology enabling biomedical and 
other applications is tremendous. Automation will yield 
ever larger data sets, improving our understanding and 
increasing the impact of CFE (box 2). This and addi-
tional improvements have the potential to expand the 
CFE user base, yield systems capable of processing large 
genetic circuits, produce chemically diverse biopolymers 
or create abiotic materials with biotic properties. In this 
section, we compare this outlook with the state of the 
art and identify opportunities to close technical gaps 
that need to be overcome to realize the full potential of  
CFE (Fig. 6).

Lyophilized CFE
Attempts to make CFE more user- friendly have largely 
revolved around lyophilization. For example, apply-
ing CFE reactions to paper discs and lyophilizing the 
resulting product yields paper- based CFE for biosensing, 
where reactions are initiated by simple rehydration  
as opposed to combining separate components, such as 
extract and DNA105,106. The raw materials are inex-
pensive, and the product can be shipped at ambient 
temperature for increased affordability. Lyophilized 
CFE was further used to synthesize various biopharma-
ceuticals6,140,141, suggesting this format for on- demand 
biomanufacturing. Notably, a portable suitcase was built 
containing all of the components necessary for current 
good manufacturing practice production of biophar-
maceuticals, highlighting the potential for local and 
distributed production141.

However, several issues limit the application of 
lyophilized CFE, including variability between users111 
and the need to extend its shelf- life124. An improved 
understanding of critical variables in CFE assays and 
preparations, as well as methods to improve such varia-
bility, will allow more reliable lyophilized CFE applica-
tions77,125. To further reduce variability, there is also the 
potential to utilize feedback mechanisms within genetic 
circuits, allowing more homeostatic gene expression142. 
In the case of shelf- life for CFEs, the current 60- day time 
frame, although useful for certain research applications, 
may be too short for biopharmaceutical manufactur-
ers, where supply chains and product shelf- life are key 
commercial considerations.

Attempts to improve shelf- life via the addition of 
protectants have yet to reach a suitable benchmark for 
existing biopharmaceutical manufacturing143. Further 
improvements to the shelf- life of lyophilized CFE are, 
in principle, possible, given that cellular machinery 
can persist in amber- encased endospores for millions 
of years144.

Expressing large gene sets
Expressing large gene sets exhibiting specific regulatory 
mechanisms and functions remains a major bottleneck 
for CFE systems because synthetic tailor- made genetic 
regulations are far from being as effective as those 
embedded in natural genetic programmes. Circuits 
composed of five to ten genes can be readily processed 
in CFE reactions, either in batch mode or in synthetic 
cells9,58,142,145–148. This format is suitable for express-
ing sections of biosynthetic pathways149,150. However, 
expression- regulated gene circuits composed of more 
than 10–20 genes are beyond the state of the art. To date, 
the only examples of large gene sets expressed by CFE 
are natural bacteriophage genomes, such as T7 (40 kbp, 
60 genes)22 and T4 (169 kbp, 289 genes)23. The ability 
to express large gene sets by CFE would enable a much 
wider range of applications. For example, clusters encod-
ing large enzyme complexes for the complete synthesis 
of non- ribosomal peptides151 or polyketides152 may be 
within reach for CFE systems. Many of these compounds 
have antimicrobial and antitumour properties153, and 
thus the ability to screen for novel bioactive molecules 
using CFE would be attractive. Engineering minimal cells 

Box 1 | Limitations on the use of CFE systems

The most prohibitive limitations to using cell- free gene expression (CFE) are inadequate 
access to resources and knowledge, the need for better measurements and poor 
prediction of CFE performance.

Broader access to resources and knowledge is most straightforward to address. 
Despite successful commercial applications of CFE, research in CFE has identified a  
lack of reproducibility as a barrier to adoption and progress. This disconnect stems from 
considerable industry investment in optimizing CFE reactions and taking advantage of 
established best practices in, for example, industrial engineering and manufacturing. 
Meanwhile, academic researchers pursue projects with smaller scope, fewer resources 
and a wider variety of materials, techniques and CFE systems. Bridging this capability 
gap would benefit both communities. Potential paths forward include effective exchange 
of information (protocols, best practices and training programmes) and tools (community 
biofoundries, infrastructure for scaling up), and conversations across fields and 
applications in the form of workshops that include industry and academia.

Better measurements can both inform fundamental understanding and uncover 
sources of variability in reaction performance. Good measurement practices and new 
measurement tools may be directed, for example, towards determining the components 
of a CFE reaction and their function over time. Guidance and standards for reporting 
measurements, exchanging data and models, experimental design191–193 and sharing full 
and detailed protocols will further ensure high- quality data.

Improving the prediction and design of CFE performance requires quantitative 
prediction of CFE reactions. Constructing good models for both simpler, reconstituted 
CFE systems and more complex, lysate- based systems would be broadly enabling. 
Modellers may improve prediction by leveraging better measurements, increased data 
availability and advances in understanding biomolecular mechanisms and molecular 
crowding. Quantitative prediction is important in bridging the gap between in vitro 
CFE systems and in vivo cell- based systems, approaches to biological control, scaling up 
to reaction volumes relevant to biomanufacturing and scaling out to CFE systems based 
on non- model organisms.

Lyophilization
The process of water removal 
via freezing followed by a 
reduction in pressure and 
heating.

Minimal cells
Engineered cell- sized 
compartments using natural 
biomolecules that mimic one 
or many functions of a 
biological cell.
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is another emerging application that requires the expres-
sion of whole metabolic pathways, such as glycolysis or 
the tricarboxylic acid cycle, both requiring at least ten 
or more enzymes154.

A potential reference landmark for the future 
requirements for CFE is in bottom- up engineering of a 
self- supporting CFE- based minimal cell, which remains 
an outstanding goal of biotechnological research 
broadly. Such a cell would require the expression of a 
genome of 400–500 genes, as found in the most prim-
itive bacterial cells155–157. The average cytoplasmic pro-
tein concentration in E. coli is approximately 1 µmol l–1 
(REF.158), which brings the level of protein production to 
400–500 µmol l–1. Achieving these concentrations would 
require yields of 10–13 mg ml–1 for a protein similar to 
eGFP. CFE protein synthesis of 6 mg ml–1 has been 
realized with semi- continuous exchange systems9. Several 
strategies have been undertaken to achieve greater 
protein synthesis. One approach builds on devising 
alternative energy regeneration systems, for example, 
photosynthetic ATP regeneration based on physical 
inputs could be pivotal to achieve greater cell- free pro-
tein synthesis159. A second approach is based on the 
development of CFE systems from organisms other than 
E. coli to determine whether greater protein synthesis 
yields can be achieved132,136,160, although these have so far 
been unsuccessful. The development of more accurate 
CFE metabolism models is expected to play a critical role 
in obtaining more powerful CFE systems62,139,161.

Increasing biopolymer diversity
Non- canonical amino acids (ncAAs) were incorporated 
into proteins more than 30 years ago using CFE162. 
Various improvements to this approach have been 
made in recent years163,164, especially incorporating 
a single ncAA at multiple sites with high efficiency, 
which is feasible in CFE using methods based on 
amber codon suppression165. It is now possible to incorpo-
rate a single ncAA at 40 different loci with an efficiency 
of 98%26. The incorporation of ncAAs into proteins by 
CFE has found diverse applications in protein struc-
ture79,90, introduction of post- translational modifica-
tions80,166 and antibody–drug conjugates163, in addition to 
other therapeutics167. This strategy cannot accommodate 
additional codons, however, preventing different types 
of ncAA at bespoke positions. New methods incorporat-
ing different ncAAs at multiple bespoke sites with high 
efficiency would increase the diversity of proteins and 
biopolymers synthesized via CFE, with potentially high 
impact in medical applications. The improved ability to 
reconstitute functional ribosomes in vitro may aid this 
objective168,169.

Protein glycosylation is another area with promising 
potential to expand the diversity of proteins produced 
by CFE. Future applications include the production of 
glycosylated biopharmaceuticals and pathogen com-
ponents, such as the heavily glycosylated SARS- CoV-2 
spike protein170. Native E. coli CFE systems lack the 
machinery for protein glycosylation8. One strategy for 
glycoprotein production uses a lysate from a eukaryo-
tic organism that contains171 or is enriched with172 
microsomes. Disadvantages of this method include both 
high cost and lower productivity. An alternative strategy 
uses glycosyltransferases compatible with bacterial CFE 
systems173. However, the efficiency of this method can 
be as low as 40%174, restricting designs. The next 10 years 
will see major improvements in these CFE systems.

Interfaced CFE
Several novel protein synthesis dynamics and operatory 
modes have been observed by combining CFE with 
fluidics. Examples include steady- state protein synthe-
sis, as opposed to batch reactions that run to equilib-
rium175, and control of gene expression via electrical 
fields applied to reaction chambers28. Encapsulation of 
CFE in droplets176, hydrogels177,178 and liposomes179 has 
also yielded new applications. Notable recent exam-
ples include light- fuelled CFE encapsulated in lipos-
omes159, ultra- high- throughput enzyme engineering in 
droplets180 and miniaturized hydrogel structures that 
maintain steady- state protein synthesis for weeks in 
microcompartments178. A recent review offers a more 
detailed discussion on this subject181.

Several groups are focusing on developing self- 
replicating systems from biochemical compo-
nents168,182–184, suggesting this self- replication behaviour 
could be realized in the coming decade. Challenges 
include complete in vitro ribosome biogenesis and the 
replication of DNA encoding all components of the CFE 
system. Although functional 30S ribosomal subunits 
were recently assembled from CFE- synthesized com-
ponents185, to the best of our knowledge the complete 

Box 2 | Automating CFE

Automation is expected to play a major role in the next decade for all steps of the 
cell- free gene expression (CFE) workflow, from lysate preparation to CFE reaction 
dispensing and measurements to data analysis. Although some robotic solutions 
already exist, the challenge remains to integrate this equipment into an automated  
CFE pipeline to, for example, increase throughput and reproducibility and reduce 
variability and overall cost194. As for much research involving biological systems,  
current automation in CFE workflows typically involves workstations designed for 
specific tasks. A common example is a stand- alone plate reader for automated 
fluorescent measurements24. Integrating multiple automated tasks within a single 
workstation occurs more rarely75.

The acquisition of larger data sets enables machine learning14 and statistical 
inference24,111 contributing to modelling and predictability for furthering applications 
of CFE. Novel technologies, such as transfer of nanolitre- size liquid droplets by acoustic 
dispensing, are emerging as a pivotal alternative to tip- based liquid handling14,24,63,111,142. 
Acoustic dispensing enables the rapid assembly of complex CFE reactions of microlitre 
size directly onto microtitre plates24,63,142. This increases throughput, reduces per- 
reaction costs and extends limited volumes of batch reagents, such as cell lysates. 
Although access to acoustic handlers has been limited by their high initial and service 
costs195, the establishment of biofoundries196 improves access to these and similarly 
costly automation resources. Access may further increase through cloud- based 
laboratories that aim to offer a pay per experiment model197. Nevertheless, automation 
is not without its own needs and challenges in calibration, integration and programming. 
Automation often requires additional and extensive protocol development and 
optimization, even for workflows already optimized for manual use at the bench.

Although the automation of CFE reaction assembly is present in some laboratories, 
machine- driven preparation of lysates is far from established. Coupling small culture 
volumes76 to an automated extract preparation workflow could help to advance the 
functionality and understanding of CFE. Integrating CFE with automated oligonucleotide 
synthesis is another area for development. This was demonstrated recently by the 
automated assembly of open reading frames into linear expression cassettes, followed  
by CFE and protein purification on a single platform75. Similar efforts could be aided by 
the integration of enzymatic DNA synthesis platforms198, generating genetic diversity 
in- house and further shortening design–build–test–learn (DBTL) cycles.

Semi- continuous exchange 
systems
Systems in which a cell- free 
gene expression (CFE) reaction 
is fed with nutrients such as 
ribonucleosides and amino 
acids to prolong the CFE 
reaction, through a dialysis 
membrane with a 10- kDa 
molecular mass cut- off.

Non- canonical amino acids
(ncAAs). Amino acids not found 
in nature. Examples include 
p- acetyl- l- phenylalanine and 
canavanine.

Amber codon suppression
incorporating an amino acid at 
a UAg (amber) codon, rather 
than terminating translation.

Microsomes
Artificial vesicle- like artefacts 
derived from pieces of the 
endoplasmic reticulum when 
eukaryotic cells are broken up 
in the laboratory.
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synthesis and assembly of 50S subunits is beyond cur-
rent capabilities. Regarding DNA replication, only sin-
gle DNA species encoding several enzymes have been 
replicated in individual reactions183,186. This must be 
extended to replicate DNA encoding for more com-
plicated systems containing ribosomes, for instance. 
Beyond self- replication, other capabilities charac-
teristic of ‘smart materials’ might be realized using 
CFE, such as self- healing187. Potential routes to this 
function were demonstrated by the encapsulation 
of CFE in amphiphilic protein membranes, where 
monomers were further synthesized by the encased  
CFE system188,189.

Conclusion
Although much remains to be accomplished to opti-
mize CFE, past and ongoing efforts have already trans-
formed CFE into an accessible technology. Streamlining 
preparation and use of CFE will remain a major focus 

in the next decade, with considerable improvements 
anticipated in the near future. The development of 
CFE systems from non- model organisms, the integra-
tion of CFE into synthetic materials and the contri-
bution of CFE to synthetic cells all promise to unlock 
a wealth of unforeseen bioengineering capabilities. As 
importantly, the CFE community is developing quickly, 
along with the emergence of many shared resources 
(Supplementary Table 9). Annual conferences specific 
to CFE now offer new users excellent opportunities to 
interact with CFE researchers, gain exposure to the state 
of the art and see first- hand the versatility of CFE. CFE 
offers a compelling platform technology for investigating 
deep questions in biology and impacting nearly every 
aspect of our daily lives; the discussion here is meant as 
an open, empowering invitation to those who would take 
up CFE and help realize this potential.
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• Human-based CFE preparation
• No reproducibility of results from 

laboratory to laboratory 
• No CFE materials/data repository

• CFE limited to laboratory 
environments

• Variability in CFE performance
• Lyophilized CFE systems
• CFE-based educational kits

• Circuit parts (CRISPR) and motifs 
(oscillators, PID controllers) 

• Simple metabolic pathways
• Virus-like particles, whole phages

• Antibody–drug conjugates, AMPs
• Bacterial membrane proteins
• 1–2 ncAA proteins
• Glycosylated proteins (vaccines)

• Liposomes, polymersomes, 
peptidosomes 

• CFE on paper, in hydrogels
• Microfluidic chips

• Interface CFE with natural, 
synthetic, hard or so materials

• Characterize CFE biotic–abiotic 
interfaces

• Create physically and chemically 
robust hybrid CFE materials

• CFE-based smart materials and 
diagnostics (environment, health)

• Self-reproducing synthetic cell 
based on CFE and minimal genome

• Multiple genetic code expansions
• Humanized glycoproteins that are 

high-yielding and economical
• Engineered ribosomes capable of 

polymerizing new ncAAs or 
alternative monomers

• Membrane protein insertases

• >10 ncAA proteins, complex 
therapeutics, new enzyme catalysts

• Eukaryotic membrane proteins
• Human and pathogen 

glycoproteins

• Novel, powerful and long-lived ATP 
regeneration systems

• Extracts from microorganisms other 
than the standard ones 

• Improved predictability of CFE 
performance

• Metabolism cycles (Krebs, TCA)
• Biosynthetic clusters 

(non-ribosomal peptides, 
polyketides)

• Minimal cell genome

• Year-long shelf-life without the need 
of a cold chain 

• User-independent performance 
(synthesis titre and dynamics)

• Time-relevant results (sensing)
• Affordable and economical

• Expanded CFE market
• At-home and remote CFE (on-tap 

therapeutics, biomanufacturing in 
space and remote locations)

• Automation of the CFE workflow 
  (preparation of lysate, nutrient 
  and cofactor solutions, CFE  
  reaction dispensing and analysis)
• CFE central data repository
• CFE-specific DNA repository

• Fully automated CFE worklow
• Laboratory to laboratory    
    reproducibility
• Rapid preparation of CFE systems 
from a wide variety of cell types 

Automated CFE

User-friendly CFE

Large genetic sets

Diverse biopolymers

Interfaced CFE

State of the art 10-year outlookGaps

Fig. 6 | Outlook for CFE. Each of the five categories highlights opportunities to bridge a technical gap and advance 
capabilities for cell- free gene expression (CFE). Left column: current state of the art of CFE, including some missing 
capabilities. Middle column: some of the possible improvements that would expand and improve technology in the short 
term. Right column: outlook for CFE in 10 years’ time. AMP, antimicrobial peptide; ncAA, non- canonical amino acid; PID, 
proportional- integral- derivative; TCA, tricarboxylic acid.
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