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Abstract
Over the last decades, cell‐free systems have been extensively used for in vitro protein
expression. A vast range of protocols and cellular sources varying from prokaryotes and
eukaryotes are now available for cell‐free technology. However, exploiting the maximum
capacity of cell free systems is not achieved by using traditional protocols. Here, what are
the strategies and choices one can apply to optimise cell‐free protein synthesis have been
reviewed. These strategies provide robust and informative improvements regarding
transcription, translation and protein folding which can later be used for the establish-
ment of individual best cell‐free reactions per lysate batch.

1 | INTRODUCTION

Cell‐free protein synthesis systems are cellular abstractions
derived from lysed cells that allow continued performance of
many important molecular functions in a growth‐independent
and relatively fast in vitro protein synthesis. They reduce
considerably the time needed for prototyping recombinant
protein expression over traditional in vivo procedures.
Furthermore, cell‐free reactions are usually run in very small
volumes, reducing lab space and very suitable for liquid‐
handling automation. Over the past 60 years, cell‐free systems
have been applied to several applications such as bio-
manufacturing of chemicals or biosimilars [1], biosensing [2,3],
biological computing [4], deciphering genetic and protein
functions [5] and paving the way for complete synthetic cells
[6]. During this time, the technology has increasingly become
more simple, affordable and robust. Many cell‐free systems
can be readily purchased, or even prepared in the lab.
Furthermore, the cost of lab‐made cell‐free reactions is
becoming lower, in addition to the ease of preparation, leading
the way for optimisation of reactions against commercially
available ones [7].

Cell‐free systems have been made from a range of cells,
both prokaryotic and eukaryotic. The choice of organisms for
cell‐free extracts have spanned many model organisms such as
Escherichia coli, Bacillus subtilis, insects (Spodoptera frugi-
perda), wheat germ and mammalian‐derived extracts such as
rabbit reticulocyte lysates, or humans CHO and HeLa cell lines.

Each cellular source provides unique characteristics for protein
expression, for example production or post‐translational
modifications in vitro [8]. Depending on the cell type and
equipment availability, several methods can be used for lysate
preparation including physical (like sonication, centrifugation,
flash freezing, bead beating, french‐press etc.) and enzymatic
(lysozyme‐based) techniques [9].

Despite lab‐scale methods being valuable for testing bio-
manufacturing strategies, cell lysis preparation exhibits
considerable batch‐to‐batch variation and requires repeated
buffer optimisation [10]. In spite of commercial kits, it is still
possible to achieve efficient and robust lab‐made cell‐free
systems. Lavickova and Maerkl managed to develop an updated
version of the PURE system, which was cheaper in compari-
son to the commercial PURE system (New England Biolabs)
or their lab‐made methods [11]. Importantly, the one‐pot
PURE system showed 14‐fold improvement in cost of protein
yield over the commercialised ones.

Other protocols frequently applied for metabolic engi-
neering do not perform coupled expression (transcription and
translation) in vitro. Commonly called Cell‐Free Protein Syn-
thesis driven Metabolic Engineering (CFPS‐ME), the protocol
induces expression of enzymes by the cell prior to the lysis
step. Subsequently, the enzyme‐enriched lysate can be used
either directly or after purification in an in vitro reaction [12].
Thus, enzymatic reactions can still catalyse reactions over a
combined mix of lysates according to an estimated protein
content in the final cell‐free reaction.
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Despite lower price for lab‐based cell‐free lysates methods,
these protocols can be laborious for a less equipped laboratory.
Furthermore, most cell‐free systems lack reproducibility of
lysate preparation when using diverse methods and total gene
expression may not achieve the maximum protein production
yield in every batch. In order to achieve high yield despite poor
reproducibility, many research groups have been using T7
systems for boosting gene expression in vitro; tuning the
translation initiation sequences or the direct use of mRNA for
straight translation in the reaction [13]. In addition, recent
studies have shown adjusting several components in buffer
reaction could lead to a 34‐fold increase in cell‐free systems
protein yield [14]. In this review, we discuss the challenges and
highlight recent developments in the state‐of‐the‐art in protein
production optimisation in lab‐made cell‐free systems. We focus
on five main aspects one can tackle to improve protein yield in
cell‐free systems. These aspects concern constraints such as
choice of chassis, transcription‐translation, post‐translation
modifications; and rationalising the concentration of reaction
elements for sustaining the in vitro protein synthesis.

2 | DIVERSIFYING CELL‐FREE
EXTRACTS FOR IMPROVED PROTEIN
PRODUCTION

From its early development, cell free protein synthesis systems
have not been limited to Escherichia coli‐based extract. Recent
works are now also focussing on the development of cell‐free
systems for synthetic biology applications for these other
organisms including fast lysate preparation, implementation of
unique regulatory elements or prototyping of pathways. Vibrio
natriegens is a non‐conventional fast‐growing strain with
potential for speed‐up lysate preparation by 1–2 days and even
a considerable fast protein synthesis [15,16]. Additionally, one
can choose a strain for its capability of unique regulatory
elements present in the cell extract. Cupriavidus metallidur-
ans CH34 was used for creating a cell‐free biosensor to detect
heavy metals (e.g. Hgþ, Pb2þ, Cu2þ, Zn2þ and Ni2þ) since this
strain carries naturally transcription factors for a broad range
of these molecules [17].

Generally, in most of non‐model systems have not been
able to reach the titres observed in E. coli‐based systems but
their interest lies mostly in their ability to generate specific
proteins such as hard to fold ones, proteins with specific post‐
translational modifications (PTMs), difficult to synthesise
proteins and membrane proteins. However, a recent work
demonstrated that a non‐model organism, Clostridium
autoethanoge, showed high yield protein synthesis in cell‐free
reactions [18]. Furthermore, the Clostridium‐based cell‐free
can be considered an interesting strain for metabolic engi-
neering, to be further discussed in Section 5. Together those
extracts constitute a bank of diversity that can be used for
optimising the synthesis of functional proteins.

Despite these improvements in bacteria‐base cell‐free
systems, some kinds of proteins cannot be produced in them.
Thus, eukaryotic are the preferred choice for some features

once these systems could contain several endogenous micro-
somes. Microsomes are lipidic bodies originating from endo-
plasmic reticulum, Golgi apparatus and plasmatic membrane.
They enable better yield for the production of membrane
proteins (that can be translocated into microsomal structure,
reducing their inherent toxicity for the system and allowing a
better accumulation and extraction of them), the addition of
certain PTMs and the folding of some specific proteins [19].

Other eukaryotic specific features like the presence of
chaperones [20] or of a specific PTM machinery [21] have been
engineered to some extent in E. coli with various results but as
of today the vast majority of eukaryotic proteins are still
synthesised using non‐coli systems. A last application where the
need of organism specific extract is required is in the production
of proteins coming from special biological organisms. For
example, the high GC‐content genes present in Pseudomonas
putida have been mostly expressed in CFS derived from this
specific organism due to the incompatibility of this gene to a
classical expression machinery [22]. An overview of some of the
commonly used cell free systems and their respective advan-
tages/disadvantages is shown below (see Table 1).

The large‐scale deployment of most of these systems
having been limited by their productivity lower than the one
observed in E. coli, the improvement of these protein synthesis
reactions is a key challenge for the generalisation of non‐model
cell‐free systems for bioproduction. The improvement of
protein titre in them has been developed along the following
two axes: First by tackling specific issues for each organism by
identifying and correcting each process that could inhibit the
protein production. This approach led to the identification of
cellular compounds hindering the protein production in certain
organisms [23], revealed the inefficiency of some lysis methods
for others [24] and pointed out issues specifically related to
transcription or translation in certain organisms [23].
Improvement solving these issues included host organism
engineering for in vitro protein production maximisation [25],
development of new specifics extract preparation protocol
protecting the expression machinery and avoiding having
inhibitors in the final extract [24] and development of
expression vectors adapted for cell‐free production of proteins
in a specific host‐based extract.

The second axis involves the development of standard
methods and cross species tools enabling both a continuous
improvement of all the non‐model cell free systems. Thus,
allowing fast optimisation of new organisms‐based extracts and
unlocking the transferability of protein synthesis systems from
one species' extract to another [26,27]. Despite these advances,
there is still a big potential of improvement for non‐model cell‐
free systems as it is suggested by the subsequent number of
recent publications obtaining multiple fold of protein pro-
ductions improvement [28–30] and also by the number of
improvement methods demonstrated in E. coli but never
tested on other platforms [10,14].

The last approach for improving protein synthesis using
the potential of various species extract lies in the mixing of
various extracts inside the same reaction tube creating a new
cell‐free system with original features [31] (see Figure 1a). Such
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F I GURE 1 Schematic representation of optimisation approaches for improving cell‐free protein expression. (a) The choice of the chassis for lysate
preparation. Cell lysates from different sources (i.e. E. coli and wheat germ) can be combined for different characteristics. (b) For coupled (transcription and
translation) cell‐free expression, engineering the DNA added can improve both quantity and quality of protein synthesis. The strategy can be applied for a library
of synthetic promoters, 5‐Untranslated Regions (UTR) and Ribosome Binding Sites (RBS), at the level of Coding sequence (CDS) and even 3‐UTR or poly‐A
tails. (c) Translation machinery can be supplemented or adjusted to improve protein synthesis. (d) Reaction buffers can be optimised with the use of Machine
Learning and automation approaches to infer what composition needs better adjustment per lysate preparation. (e) Once established a cell‐free protein synthesis
protocol, reactions can be optimised for better protein function such as in vitro glycosylation by glycotransferases enriched lysates (Jaroentomeechai et al., 2018)
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hybrid cell‐free systems have been generated by mixing various
commonly used extracts together or adding classically used
extract to low adoption cell‐free platforms. The idea sup-
porting these systems lies on each individual cell extract might
present specific potentials but also specific drawbacks, mixing
two different extracts in a rational way could help compensate
individual limitations and combine to some extent the advan-
tages of each system.

A substantial amount of work has focussed on developing
a hybrid system approaching the high productivity of an E.
coli‐based system while retaining properties present in
eukaryotic cell free systems such as a good protein folding
ability. This was demonstrated in a protein microarray synthesis
work involving a combination of E. coli and wheat germ
extract that allowed the production of large amounts of
correctly folded proteins in a simple setup (see Figure 1a) [43].

Other works comprising hybrid cell‐free rely on not mixing
complete cell lysates but on just combining different intracel-
lular elements from different organisms. Panthu et al. devel-
oped a system based on Rabbit reticulocyte Lysate (RRL)
supernatant complemented with ribosomal fraction isolated
from other backgrounds such as HeLa cells [44]. They
demonstrated the potential of this hybrid mix to overcome
traditional limitations of RRL in terms of translational char-
acteristics. More recently, transcriptional potential of such
hybrid combinations of lysate was also investigated for a di-
versity of mixes. Yim et al used their newly developed DNA
Regulatory element Analysis by cell‐Free Transcription and
Sequencing (DRAFTS) method in order to characterise the
transcriptional activity of a promoter bank in cell free reactions
mixing E. coli, B. subtilis and C. glutamicum in various pro-
portions [31]. Besides the transcriptional aspect, Yim et al., also
interestingly found that most of their hybrid lysate exhibited
protein synthesis level at average of their single‐species coun-
terparts showing the complementarity of various expression
machinery and a limited inter‐species inhibition. Taken
together all those elements strongly support further develop-
ment of hybrid cell‐free systems for multi objective optimisa-
tion of protein synthesis.

3 | ENGINEERING EXPRESSION
MACHINERY FOR CELL‐FREE
SYSTEMS

While most genetic functions are preserved from in vivo to in
vitro, E. coli cell‐free reactions have been greatly performed via
T7 systems. Therefore, the construction of expression vectors
can be done in monocistronic and/or in tandem under a T7
promoter [45] and even for expressing complex multimeric
proteins in one operon [46]. Nevertheless, the positioning of
genes in operons under promoter T7 does not affect the level
of transcripts, but the translation context where the gene is
positioned in the operon affects gene expression of individual
genes whereas first genes will be firstly expressed [27].

Despite the preference, due to its transcriptional strength
being eighth times higher than endogenous polymerase,

RNAPT7 lacks a modularity, affecting the cell‐free information
processes [47], especially for gene networks. The issue could be
attributed to secondary structures on mRNA while its fast
transcription impacting mostly on protein translation and
function, about 50% � 20% of proteins are indeed functional
[48]. Tuning gene expression under T7 systems can still be
achieved by mutated versions of RNAPT7 (reduced activity)
[48] or at the level of synthetic promoters T7 (see Figure 1b)
[27]. Regulated promoters T7 can also be engineered by tuning
the kinetics of operators to transcriptional factors. McManus
et al. showed that tuning the position of TetO upon the PT7
could interfere with the transition of T7 RNAP from initiation
to elongation [49]. Positioning tetO within the first 13 base
pairs downstream PT7 can strongly down regulate transcription
in contrast to positioning immediately upstream the promoter.

Remarkable improvements were made on several methods
for lysates preparation, which were optimised for a high gene
expression under E. coli endogenous promoters, therefore,
conceivably dismissing the need of T7 systems [47,50,51].
Additionally, a synthetic set of the constitutive σ70 promoter
was shown to have an equivalent strength during in vitro or in
vivo expression, supporting its usage for expression con-
structs [52]. The use of different sigma‐regulated promoters
could lead to a passive transcriptional repression by compe-
tition of RNAP core, therefore, downregulating transcription
levels [47]. Albeit, sigma factors, mostly σ70 and σ28 are
robust enough for being integrated in logic gates such as
oscillators [30].

Despite the modularity of promoters for coupled protein
expression in cell‐free systems, translation represents a main
bottleneck for adjustment. Many constraints must be consid-
ered for translation efficiency starting from codon context.
The presence of rare codons can impact the translation of a
given protein [53], alternatively, their optimised version despite
improving protein yield could lead to a decrease in protein
function due to misfolding [54]. Another important concern is
regarding the choice of RBS sequences. In general, RBS
strength is well correlated to its strength in in vivo systems and
cell‐free systems can be used to predict in vivo burden in
expression of genetic constructs [55].

Although RBS strength impacts protein synthesis directly,
fluctuation in translation levels can be observed due to other
factors such as molecular crowding of translation machinery
[56], mRNA secondary structure [32] and GC content in coding
sequence (see Figure 1b) [57]. On the other hand, a supple-
mentation of translation related factors enhances the protein
yield of a high GC‐content target in eight times from the initial
system, for example in Streptomyces sp. cell‐free systems [58].

In addition, a big concern for eukaryotic cell‐free platforms
regards UTR sequences (see Figure 1b). Furthermore, efficient
translation is generally achieved when UTR elements are
present in the mRNA. For example it is known for some
eukaryotic lysates that capping is inefficient in coupled
expression systems and results in a retard in translation initi-
ation [59], hence, in vitro capping of mRNA is expensive [8].
Methods for adding UTR elements to the coding sequences
such as 50 UTR, 30 UTR, enhancer sequences and poly‐A tails
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can be easily constructed by overlap extension PCR and have
been shown to increase protein production in yeast and wheat
germ platforms [60,61]. Interestingly, the addition of 30 UTR
tails leads to up 26‐fold increase in protein yield even in
E. coli‐based platforms such as PURE systems [57].

Furthermore, alternative capping‐independent translation
could be performed by mediating initiation by a viral IRES. In
fact, IRES sequences improve considerably complex proteins
in systems derived from CHO or insect cells [38,62]. Moreover,
the development of Species‐Independent Translational
Sequences (SITS), a synthetic structure of 50‐UTR enriched in
poly‐A, is a landmark in engineering UTR sequences since it
works merely as a universal 50‐UTR tag [63,64]. Despite its
initial design for Leishmania tarentolae, SITS can be used for
other platforms such as yeast, wheat germ, insect cells, rabbit
reticulocytes and even E. coli.

4 | OPTIMISATION OF REACTION
COMPONENTS FOR CELL‐FREE
PROTEIN SYNTHESIS

One of the main issues concerning cellular lysates preparation,
if not the most significant, regards batch‐to‐batch variation and
its implications on buffer composition of cell‐free reactions
[65]. Concerning the optimisation of this buffer, two different
strategies have been used to increase the efficiency of the
TX‐TL reactions: combinatorial approaches in order to
determine what concentration of each commonly used sub-
strate is optimal and replacement approaches in order to find
molecules other than the classically used ones that optimise
cell‐free reactions. We will discuss this aspect here but cover
the combinatorial optimisation approach in the next section
about computational approaches.

A diverse range of protocols is available for the most
different types of cells and available equipment. To some extent,
protocols vary according to lysis procedure but more impor-
tantly by the energy components provided for the cost of
transcription and translation, buffering the reaction, and co-
factors for the genetic expression. A recurrent issue regarding
the supporting energy source for ATP regeneration concerns
the accumulation of inorganic phosphate in the reaction,
therefore, leading to a decrease in magnesium ion concentration
and halting of protein synthesis [66]. Additionally, an excess of
NTPs inhibits E. coli cell‐free reactions whereas supplementa-
tion ofMg2þ is also required to recover translation function [67].
For resolving such problems, the energy supplies must be
balanced and the alternative secondary energy sources for ATP
regeneration have been shown as a solution for some cases.

Despite its lower cost the use of glucose in excess could lead
to an accumulation of organic acids, ethanol and consequently
lower pH. Kim et al. used glycogen and soluble starch to slow
down the glucose release for the reaction in E. coli systems [68].
This retardation could prolong the protein synthesis over 12 h
(against the regular 8–10 h of stated protein expression) and
consequently an increase in protein yield and also its solubility
and activity. On the other hand, some eukaryotic platforms are

limited on the usage of phosphated secondary energy substrates
[32]. Anderson et al. were able to recreate a native glycolytic
pathway for ATP regeneration by the addition of cyclic AMP
(cAMP) and exogenous phosphate [32]. The strategy led to a
16% increase in relative protein yield. However, the best energy
source for cell‐free systems to date is 3‐phosphoglycerate
(3‐PGA) capable of reaching 2.3 mg/ml in E. coli systems [69].
The key improvement relies on recycling of inorganic phos-
phate by maltose or maltodextrin catabolism through addition
of two enzymes. Later, the system was improved by addition of
hexametaphosphate, thus, allowing the recycling of phosphates
endogenously and still leading to a high protein yield [70].

Balancing translation using additional elements is another
valuable approach for improving protein yield in cell‐free
systems. After supplementation with a series of translation
factors involved in elongation, release and/or recycling of
ribosomes, chaperones, tRNA and BSA, it was possible to
enhance up to fivefold the protein yield in PURE systems [29].
Later, authors demonstrated that a balance between elongation
of the polypeptide chain and recycling of ribosomes are crucial
for obtaining a considerable amount of functional proteins
[37]. With the additional translation factors, the authors pre-
vented ribosome stalling and a 2‐fold increase in functional
proteins from the already modified recipe.

Moreover, lab‐made E. coli lysates can be improved by
systematically supplementing a combination of transcription
and/or translation factors (see Figure 1c). Zhang et al. have
tested the external addition of over 31 macromolecular elements
for expression of GFP. From those 31 transcription and trans-
lation factors 11 showed a consistent approximately twofold
increase in protein synthesis [71]. Such manual titration
methods, despite being laborious, provide strong information
about customising cell‐free composition and, therefore, help to
recover variability among batches. A recent work relied on
preparing E. coli from a consortium of transformed cells with
plasmids to overexpress translation factors. A consortium of
seven strains overexpressing each of 11 initiation, elongation,
and termination factors (IETs) and one aminoacyl‐tRNA
transferases (AAT) was capable of a fivefold higher expression
level than classical cell‐free systems [72]. This work skips the
need for isolating and purifying such elements and provides a
robust and easy‐to‐do protocol for boosting protein expression.

In order to optimise the efficiency of protein synthesis
systems, other properties of the reaction media have also been
investigated through the replacement of components. Molec-
ular crowding has been early described as a key element
influencing bio‐chemical processes in general including cell‐
free systems. Although historically this problem was solved
through the addition of polyethylene glycol, Ge et al. showed
that it may not be the best option [73]. Indeed, optimal con-
centrations of Filicoll‐70 showed improved results mostly for
transcriptional optimisation but also for full protein synthesis
process compared with an absence of crowding agent but also
to the traditionally used PEG 8000. However, since a high
concentration of these same elements were shown to have a
deleterious effect on protein production, an extract specific
optimisation must be performed.
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5 | MACHINE‐LEARNING
APPROACHES TO INCREASE CELL‐FREE
SYSTEMS PRODUCTIVITY

Notwithstanding the efficacy of cell‐free systems, assessing
parameters for improving cell‐free reactions could rely on a
considerable number of variables and be impractical for
manual experimentation. The amount of work required for
exploring variables toward transcription or translation ele-
ments in cell‐free systems can be reduced by using compu-
tational Design of Experiment (DoE) approaches. Cascheral
et al. (2011), have used a learning loop oriented by models
generated from DoE for optimising cell‐free protein synthesis
reactions and achieved within 0.014% of the combinatorial
space calculated to be tested [74]. In their assessment the
authors tested (i) a combination of genetic designs of few
constructs by varying spacers (around RBS and before
Terminator sequences), and (ii) other reaction components
(amino acids, NAD, Phosphoenolpyruvate, glucose) to an
incomplete commercial cell‐free reaction buffer. By optimis-
ing one variable at a time with a learning algorithm, the
authors managed to reach more than threefold increase in
protein production in eight iterations of experimentation. This
work illustrated for the first time the power of computational
prediction for empowering protein synthesis in cell‐free
reactions.

Despite algorithm predictions that accomplished the
overall increase in protein production, it is difficult to
extrapolate the systems for future applications when authors
used dependent variables such as DNA construction, buffer
composition and time of addition of such extra components.
A convenient method suitable for a protein production
routine could be more reliable if only the buffer composition
could be taken as standard for any eventual DNA construc-
tions. Moreover, the same DoE was applied for improving
the cell‐free buffer composition to sustain a technique for
ribosomes construction in S150 (ribosomes‐free extract)
lysates [75,76] and consequently increase protein yield. For
achieving this goal, authors attempted to use a cheaper
poly‐sugar (maltodextrin) substrate for sustaining nucleotide
regeneration along with 19 other molecules as inputs for the
buffer. In the work they achieved a fourfold increase in
protein yield over seven iterations and reduced cost of reac-
tion by four times.

DoE can also be used to evaluate and improve the protein
yield among two different cell lysates extracts preparation, for
example S12 or S30 protocols. Pedersen et al. obtained a
twofold to threefold improvement in protein yield for both
protocols [77]. In addition, this approach does not only apply
to E. coli‐based cell‐free systems whereas the computational
approach was also used to improve cell‐free systems from
other organisms such as Pichia pastoris [37], Tobacco BY‐2
[78] or insect cells [79]. Moreover, DoE was also implemented
to not only improve cell‐free buffer composition but also
establish an automated lysate preparation in insect cells [79].

A novel approach uses active learning for optimising the
reagents in cell‐free reactions uniquely for protein yield by

taking into consideration batch‐to‐batch variation even among
users in the same lab (see Figure 1d) [14]. Differently from
previous approaches, this method applies a randomisation of
different concentrations of each of a list of 11 compounds in
the buffer per iteration, which is, then, used by a machine‐
learning algorithm to predict the next iterations. Over seven
iterations, a 34‐fold increase in protein yield was obtained
through the machine‐learning predictions. Furthermore, the
authors also developed a simplification of the method by using
102 combinations of most informative points (for the learning
algorithm) out of combinatorial space higher than 411 possi-
bilities. In addition, authors managed to develop a single‐step
loop with a recipe of 102‐buffer composition, which is suffi-
ciently informative to provide the right buffer composition for
the lysate batch. This active‐learning workflow could be
extended to other kinds of cellular sources for cell‐free systems
and could be highly valuable for the future of buffer compo-
sition optimisation.

Computational approaches could also be used for
improving enzymatic reactions in vitro. Karim et al. (2019),
demonstrated DoE could also be applied for improving two
established pathways of 3‐hydroxybutyrate (3‐HB) and
n‐butanol in a non‐model cell‐free based reaction of the
aforementioned Clostridium autoethanogenum [80]. In this
work, a workflow called iPROBE was developed and used for a
cell‐free metabolic engineering (CFME) reaction where the
titration of enzymes for performing each pathway was oriented
by neural network algorithms. Moreover, approximately 15 g/L
of 3‐HB was achieved in C. autoethanogenum cell‐free
reactions. While the production of butanol was not satisfying,
the approach did reached a fourfold increase in production.
More importantly, the authors show a correlation between the
titre of enzymes in the cell‐free reaction in C. autoethanoge-
num and expression levels in vivo regarding genetic expression
(promoter strength). This approach can lead the way for an
accurate prediction from in vitro to in vivo bioproduction in
metabolic engineering, for example when demonstrated for the
production of Limonene [81].

However, strategies involving machine‐learning requires
qualified personnel for the computational/engineering part. In
addition, the lab should, preferably, obtain of automation
facilities for distributing the different buffer compositions
since a large amount of data is needed to be generated in order
to cover the combinatorial space one will be probing. On the
other hand, pipetting automation or machine‐learning
approaches become more and more well‐spread in synthetic
biology and, in the near future, such methodologies will
become more accessible.

6 | ENHANCING ACTIVE PROTEINS
AND THEIR APPLICATIONS

Achieving quality in protein products in an in vitro environ-
ment could often be arduous since protein synthesis is per-
formed without compartmentalisation and/or lack of crucial
intracellular elements for post‐translation steps. E. coli lysates
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are the most protein productive systems for cell‐free, albeit
they show particular issues with protein folding. Some strate-
gies rely on balancing the redox potential with glutathione or
inhibiting endogenous reductases with alkaline reagents such as
iodoacetamide may influence on disulphide bonds formation
[82]. The addition of chaperones, especially DnaK and GroEL,
can lead to a considerable increase in solubility of more than
50% of approximately 800 aggregation‐prone cytosolic E. coli
proteins [83].

Some therapeutic proteins require correct glycosylation
prior to their medical use, a complicated task that is mostly
achieved in in vivo systems. Nevertheless, achieving glyco-
sylation in cell‐free protein synthesis, when possible, is usually
preferable in eukaryotic‐based extracts. CHO‐based cell‐free
systems are capable of N‐glycosylation in microsomal vesicles
and have been used for production of antibodies [40].
Furthermore, erythropoietin (EPO), a complex glycosylated
therapeutic hormone with considerable medical importance,
could also be produced in insect‐based cell‐free systems via
endoplasmic reticulum‐derived microsomes [84].

However, a novel technique recently developed is now
able to compensate for the difficulty glycosylation in E. coli
systems but still benefit from its capacity of high protein
production titres. Jaroentomeechai et al. were able to create
a one‐pot glycosylation system for E. coli extracts‐based
cell‐free [85]. Authors used CLM24 cells [86] for the lysate
preparation, a strain already engineered for glycosylation,
therefore, overexpressing CjPglB enzymes before the lysis
step. By adding a plasmid (for coupled expression), the
authors achieved 100% of glycosylation in vitro of the
protein of interest.

Furthermore, the proper functionality of enzymes
influences directly the efficiency for complex biochemical
reactions involving harm conditions or biocatalysis. Kay and
Jewett showed cell‐free could use a relatively toxic biomass
hydrolysate as a feedstock for producing 2,3‐butanediol in cell‐
free [22]. Besides, the pathway could tolerate a range of polar
solvents, which, on the other hand, tend to affect enzyme
stability. Yet, Beer et al. showed ammonium bicarbonate could
be used as a volatile buffer in order to facilitate downstream
processes for producing 2.8 g/L/h α‐ketoglutarate for a large‐
scale application [87]. Nevertheless, long‐term reactions
regularly require a NADþ supply for such oxidation reactions
especially when reactions demand high temperatures [88]. For
this aim, the use of selected thermophilic enzymes for NADþ

regeneration could sustain high temperature reactions up
to 15 h.

Using high temperature for cell‐free reactions offers a
considerable advantage for both breaking down of valuable
biomass or metabolic engineering. Honda et al. demonstrated
the use of thermophilic enzymes to degrade chitin and convert
it into pyruvate with temperature rising 70°C (see Figure 1e)
[89]. Despite the use of selected enzymes, protein engineering
can still be used for generating more thermostable enzymes.
Soh et al. engineered a Keto acid decarboxylase which was
increased in stability at high temperature (60°C) and a 10.5‐fold
increased residual activity [90].

7 | CONCLUSION AND
PERSPECTIVES

Cell‐free technology is a growing tool for prototyping of
biosynthesis of diverse biomolecules ranging from proteins to
chemicals. On the other hand, cell‐free systems have also po-
tential for industrial or continuous reactors, specially, regarding
the ease of downstream purification in a wide‐open biological
device. Nevertheless, scaling up cell‐free protein synthesis is still
challenging due to an increase cost of reagents for large‐scale
use, resources depletion and/or saturation of energy regenera-
tion and accumulation of harmful components over time. With
the availability of cell‐free metabolic models [91] or computa-
tional methods for identifying metabolic modules [92] could
provide helpful information to understand the metabolic
bottlenecks for cell‐free scaling‐up. Finally, the application of
machine‐learning approaches could not only help to improve
buffer composition but also a supply ofmetabolites [93] to boost
a large‐scale cell‐free production via either compartmentalisa-
tion (such as synthetic cells) or cell‐free continuous batches
(bioreactors). Furthermore, hybrid cell‐free systems or the use
of external glycosylation apparatus in cell‐free have potential for
improvement in order to find a balance among both protein
expression and protein functionality. Thus, the advent of a
robust hybrid system is something commercial providers could
be looking for. Finally, optimising human or mammalian protein
expression for healthcare storage and fast synthesis is a great
challenge for applying cell‐free technology to point‐of‐care
biosensing [3] and/or personalised medicine [94].
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