
Conceptual and methodological advances in cell-free directed 
evolution

Igor Dodevski1,*, George C. Markou2,*, and Casim A. Sarkar1,2,#

1Department of Biomedical Engineering, University of Minnesota, Minneapolis, MN 55455

2Department of Chemical Engineering and Materials Science, University of Minnesota, 
Minneapolis, MN 55455

Abstract

Although cell-free directed evolution methods have been used to engineer proteins for nearly two 

decades, selections on more complex phenotypes have largely remained in the domain of cell-

based engineering approaches. Here, we review recent conceptual advances that now enable in 

vitro display of multimeric proteins, integral membrane proteins, and proteins with an expanded 

amino acid repertoire. Additionally, we discuss methodological improvements that have enhanced 

the accessibility, efficiency, and robustness of cell-free approaches. Coupling these advances with 

the in vitro advantages of creating exceptionally large libraries and precisely controlling all 

experimental conditions, cell-free directed evolution is poised to contribute significantly to our 

understanding and engineering of more complex protein phenotypes.

Introduction

Directed evolution is a powerful tool for tailoring biomolecular properties. For applications 

involving proteins, the approach requires a one-to-one mapping of phenotype and genotype, 

since selections or screens are performed on the proteins themselves, but amplification and 

identification of the desired sequences need to be performed at the genetic level. This 

phenotype-genotype linkage is easily achieved in cells, which can naturally 

compartmentalize individual DNA sequences and, through transcription and translation, the 

corresponding proteins. However, the use of cells significantly reduces the size of libraries 

that can be sampled, which can be vital, particularly when biomolecular functions are 

evolved completely de novo; additionally, cell-based directed evolution limits the scope of 

buffers, solvents, and temperatures that can be used since cell viability must be maintained.

In 1997, the first truly cell-free directed protein evolution platforms – mRNA display [1] and 

ribosome display [2] – were developed as iterative procedures that replicate the natural 
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evolutionary processes of selection and amplification (Figure 1). The field of cell-free 

protein engineering has rapidly expanded over the past two decades, with notable advances 

in the use of defined translation mixtures [3], engineering of cell-toxic or aggregation-prone 

proteins [4], broadening selection and screening assays [5], and optimization of selection 

conditions and parameters [6]. By leveraging these advances and the unique evolutionary 

context provided by truly cell-free selections, researchers have also begun to investigate the 

origins of life [7]; in the context of structural biology, cell-free directed evolution provides a 

means for studying how primordial biomolecules evolved to adopt three-dimensional 

conformations that engendered novel functions [8*]. Many well-established applications of 

cell-free protein engineering approaches are comprehensively reviewed elsewhere [9,10]. 

Here, we focus on conceptual and methodological advances in cell-free directed protein 

evolution over the past few years, and we offer our perspective on the promising future 

directions of the field.

Conceptual advances that have expanded the scope of selectable 

molecular phenotypes

Some of the most common phenotypes that cell-free protein engineers seek to create include 

high-affinity binding against cellular targets (ideally with high target specificity), more 

efficient biocatalysis (often paired with improved or altered substrate specificity), and higher 

protein stability under harsh solvent conditions. Such phenotypes have typically been 

evolved from monomeric, water-soluble protein templates. While the experimental focus on 

monomeric proteins can be attributed to the fact that most standard cell-free display methods 

fail to produce physical gene-protein linkages beyond a 1:1 stoichiometric ratio, the focus on 

water-soluble proteins relates to the poor in vitro expression and display properties of 

membrane proteins. Additionally, the cell-free evolutionary process has generally relied on 

changes in the amino acid sequence that could naturally occur in cells, but unnatural amino 

acids in the context of cell-free directed evolution could improve the functionality of 

engineered proteins. Here, we review recent conceptual advances in cell-free directed 

evolution that now enable monovalent display of multimeric proteins, multivalent display of 

monomeric proteins, display of integral membrane proteins, and incorporation of unnatural 

amino acids into displayed polypeptides (Figure 2).

Monovalent display of multimeric proteins

Native protein function often relies on multimeric structural organization. Antibodies 

represent one of the most common scaffolds in the protein engineering field, and displaying 

their hetero-oligomeric binding-competent fold is challenging [11]. Because all standard 

fully in vitro display systems fail to simultaneously encode and display multi-chain proteins, 

de novo combinatorial antibody discovery mostly relies on display methods that offer 

efficient cell-based chain-linking at the expense of throughput [12].

Recently, two groups have published completely cell-free affinity selection methods for Fab 

antibody fragments (Figure 2a). Both methods exploit the spontaneous assembly of the 

heavy chain (HC) and light chain (LC) into a functional, heterodimeric Fab fragment. In the 

method described by Sumida et al., two mRNA display sub-libraries, each displaying either 
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HC or LC, are brought together to form a complete Fab fragment display library [13**]. 

After affinity selection, they perform gene-linking in vitro compartmentalization (IVC) PCR 

to physically link and then amplify the HC and LC gene pairs encoding the binding-

competent heterodimeric Fab fragments. Importantly, and in contrast to similar earlier 

reports [14,15], the step that defines the upper limit of screenable library size (DNA linking 

by IVC; < 1010 individual compartments per mL of emulsion) is performed after affinity 

selection, so the full sampling power of mRNA display remains accessible. Tackling the 

same problem from a different angle, Stafford et al. used a modified ribosome display 

method for the selection of multi-chain Fab fragments [16]. In this approach, only one of the 

two Fab chains (either HC or LC) is mRNA-encoded and displayed on the ribosome during 

a single selection round, while the other protein chain is not presented in a display format 

but instead simply binds to the first protein chain to form a heterodimeric Fab fragment. The 

complete set of genes encoding binding-competent Fab fragments is then enriched by 

alternating the mRNA-encoded chain between HC and LC over multiple rounds of affinity 

selection.

Multivalent display of monomeric proteins

Display methods that tether multiple (on the order of millions) copies of a protein of interest 

(POI) to a single selection particle are formidable tools for affinity engineering of protein 

binders and for selecting very weak signals that only become detectable when multiple 

copies of the POI can contribute to the phenotype. For most applications, multivalent display 

particles are prepared using in vivo systems that tether multiple copies of a POI to the 

surface of either phage or whole cells. Making use of cellular biosynthesis, multivalency is 

easily achieved by genetically fusing the POI to a host protein that is abundantly expressed 

on the cell or phage surface [17–20].

The great versatility of cell-based multivalent selection technology has prompted strong 

interest in developing completely in vitro analogs that offer greater experimental flexibility 

(Figure 2b). The most common approach to mimicking cell-based multivalency in vitro is 

linking the genes and proteins to microbead surfaces by IVC [21]. Notable recent 

developments in this area include the use of microfluidic technologies to generate 

monodisperse droplets, preparation of microbeads displaying much larger numbers of 

proteins and DNA, and creating stronger linkages of the biomolecules to the beads [22,23*]. 

With these improvements, in vitro multivalent display particles now rival their cell-based 

counterparts in terms of valency but also allow control of their biomolecular composition to 

a degree not possible with cellular surfaces.

Additionally, exciting new bead-free approaches for multivalent display using engineered 

DNA scaffolds have been recently reported. To take advantage of avidity effects during 

affinity panning, Kaltenbach et al. have developed SNAP dendrimers consisting of 

dendrimer-like DNA templates covalently bound to POIs by the SNAP tag [24] at 

predefined valencies [25]. In model selections using SNAP dendrimers optimized for both 

DNA template geometry and display valency, they demonstrate 5- and 25-fold increases in 

particle recovery and enrichment, respectively, compared to monovalent display constructs. 

During early rounds of affinity selection, these effects could facilitate the recovery of more 
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diverse sets of binders, including those that have low affinity but are still functionally 

interesting.

Display of integral membrane proteins

In contrast to water-soluble proteins, the distinct physicochemical properties of integral 

membrane proteins (IMP) have made them recalcitrant targets for combinatorial 

engineering. Standard in vitro display systems fail to properly accommodate the 

hydrophobic nature of IMPs; therefore, successful directed evolution of IMPs has relied on 

cell-based display systems [26,27]. Recently, Fujii et al. have reported a liposome display 

method (Figure 2c) that enables cell-free evolution of IMPs [28*]. The method combines in 

vitro transcription/translation (IVTT) with compartmentalization in giant unilamellar 

vesicles, resulting in the display of the IMP in the phospholipid bilayer of the liposome. 

Using the homo-oligomeric α-hemolysin as a template, the authors evolved a variant 

showing 30-fold higher pore-forming activity than wild type. The field of in vitro IMP 

evolution should benefit greatly from the rapid methodological advancements in the field of 

preparative IMP production using IVTT [29], which should pave the way for cell-free 

directed evolution of more complex IMPs.

Incorporation of unnatural amino acids

Incorporating unnatural amino acids into polypeptides can create completely novel 

phenotypes not found in nature. While the seminal work in this large research field is rooted 

in cell-based biosynthesis, unnatural amino acids have now become extremely useful 

building blocks for biomolecular engineering using in vitro display systems [30–32]. In fact, 

due to both the independence from cellular metabolic constraints and the high 

customizability of IVTT, cell-free display systems may open up enormous opportunities for 

selecting completely novel bioactive macromolecules composed of mostly unnatural amino 

acids.

The ribosomal production, display, and selection of peptide-like macrocycles represents one 

of the most exciting and promising research areas for in vitro display (Figure 2d). The key 

challenge to success is to achieve efficient biosynthesis using non-peptidogenic amino acids. 

To date, two different display methods have been published. While both methods share the 

puromycin-based mechanism of mRNA display to achieve covalent genotype-phenotype 

coupling, they use different strategies for reprogramming the genetic code and customizing 

the translation machinery. Yamagishi et al. reported selection of a macrocycle inhibitor of 

the E6AP ubiquitin ligase using a display system referred to as random nonstandard peptides 

integrated discovery (RaPID) [33]. Schlippe et al. successfully carried out selections of 

highly unnatural macrocyclic peptides against thrombin [34]. Both groups recovered binders 

with low nanomolar affinity mediated by the unnatural amino acids, demonstrating 

successful selection of highly non-peptidogenic macrocycles from gene-encoded libraries by 

in vitro display. Furthermore, the RaPID system has yielded potent macrocyclic inhibitors of 

a microbial multidrug transporter. These macrocycles successfully served as co-

crystallization ligands to elucidate key molecular determinants of drug efflux pumping and 

molecular modes of transport inhibition [35**]. Macrocycles discovered by in vitro display 

methods may represent very interesting drug candidates, because they occupy a region of 
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chemical and functional space that is positioned between the two extremes of small 

molecule drugs and large biologics.

Using ribosome display of peptides and incorporating only a single type of unnatural amino 

acid – the photo-responsive azobenzoyl-lysine – peptides could be evolved that bind to 

streptavidin in a light-dependent fashion by cis-trans isomerization of the azobenzoyl group 

[36]. A different type of photoactive peptide, one that emits increased fluorescence upon 

binding to calmodulin, was selected from a library in which the peptides contained a 

fluorogenic amino acid [37]. Lastly, cell-free affinity selection of multivalent glycopeptides 

was achieved using the unnatural amino acid homopropargylglycine, which enables 

attachment of glycans via “click” chemistry, and it was shown that nanomolar binding 

affinity to an antibody paratope was achieved through the sugar moiety [38**]. These 

examples demonstrate that unnatural amino acids can be used as tools for post-

translationally modifying phenotypes of displayed peptides, and these more complex 

phenotypes will enable more sophisticated selections.

Methodological advances that have improved accessibility, efficiency, and 

robustness of cell-free approaches

Beyond conceptual innovations widening the breadth of problems that in vitro selections can 

address, recent methodological advances have enhanced the accessibility, efficiency, and 

robustness of existing cell-free selection schemes (Figure 3). These improvements set the 

stage for reliable methods that researchers can readily implement to carry out cell-free 

directed evolution.

Accessibility of cell-free technologies to new researchers remains a challenge, since 

complete cell-free directed evolution kits are not currently commercially available (e.g., in 

contrast to phage display kits) and existing approaches are generally technically demanding. 

However, new products that encourage entry into the field while also enhancing the quality 

of libraries for established protein engineers are emerging. For example, the PURE system 

[3,39] is a fully defined IVTT system with a high concentration of ribosomes and low levels 

of detrimental nucleases and proteases, thus yielding more complex libraries of display 

particles. Additionally, streamlined protocols are being developed to simplify cell-free 

evolution [40*,41].

More efficient screening and selection procedures can help accelerate cell-free laboratory 

evolution. Mathematical modeling has been used to uncover insights that can optimize cell-

free selection experiments to more effectively recover high-affinity-binding proteins [6]. 

Considering the inherently high sampling power of in vitro display systems, experimental 

throughput is often limited by single-clone screening of enriched library pools. The latest 

advances in microfluidic droplet generation with on-chip sorting allow for integrated parsing 

of 2,000 clones per second [42]. Cell-free selections also lend themselves to automation 

because of the repetitive nature of cycling through rounds; establishing clearly defined steps 

with tunable parameters removes a labor-intensive barrier and makes the selection more 

efficient [43]. Additionally, next-generation sequencing (NGS) enables data-driven analytics 

to better inform selection schemes [44], reducing the number of rounds necessary for 
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successful selections [45,46]. In stark contrast to conventional selection schemes involving 

multiple selection rounds and sequencing of only highly-enriched clones, Olson et al. 

demonstrated successful cell-free evolution by performing just one round of mRNA display 

followed by NGS analysis [47].

The robustness of system components is critical to the success of cell-free evolution 

platforms because this helps to minimize losses in library diversity during directed evolution 

rounds and post-evolution screening. A method known as iSAT could enable engineering of 

the ribosome for greater functionality [48*], improving translation in all cell-free evolution 

schemes. Introduction of molecular chaperones to cell-free translation systems increases 

protein yield [49] and prevents aggregation of proteins and their mutants by promoting 

proper folding [50]; similarly, nanogel artificial chaperones are emerging as an alternative 

means to help mitigate library losses [51].

Conclusion and Outlook

Combinatorial cell-free protein engineering continues to be an active, quickly-developing 

field, providing the research community established and novel tools for creating and 

improving biomolecular function. When biomolecular engineering projects rely on either 

sampling the largest possible libraries or exerting full control over the experimental 

selection conditions, in vitro display methods are clearly favored over cell-based schemes. 

Here we have reviewed recent work highlighting the expanding scope of cell-free 

biomolecular display. Conceptually, both the increasingly efficient biosynthetic 

incorporation of unnatural amino acids into POIs and the possibility to display multimeric 

POIs without compromising sampling power hold great promise for expanding the scope of 

selectable protein phenotypes. Technically, notable advances include the use of NGS to 

analyze much larger datasets of selected clones, the increase in control over the selection 

milieu due to fully defined IVTT systems, and the multitude of protocol improvements and 

simplifications of in vitro display methods.

Looking forward, several advances are likely to have a profound impact on biomolecular 

combinatorial engineering. Reprogramming the biosynthetic machinery with expanded sets 

of both unnatural nucleotides [52] and amino acids [33,34] will lead to an exponential 

increase in the (bio)chemical space that can be sampled. Using NGS technology to more 

comprehensively decode and analyze sets of selected genes will improve experimental 

design and success. The development of microfluidic droplet generation platforms as 

powerful alternatives to multiwell microplates will drastically increase the throughput for 

one-by-one biochemical screening of evolved proteins [42,53–55]. Furthermore, in vitro 

directed evolution will play an integral role in optimizing networks of biomolecular 

interactions in cell-free synthetic biology [56,57]. The emergence of these new conceptual 

and methodological advances in cell-free directed evolution will enable biomolecular 

engineers to more rapidly gain fundamental insights into structure-function relationships – 

especially in structural studies that benefit from non-native protein folds [8*] or biochemical 

properties [35**] – and to create better biomolecules for biotechnological and biomedical 

applications.
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Highlights

• Advances in cell-free evolution allow for more sophisticated protein 

engineering.

• New display formats enable evolution of multimeric and integral membrane 

proteins.

• Incorporation of unnatural amino acids expands chemical repertoire in vitro.

• Technical enhancements improve method accessibility, efficiency, and 

robustness.
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Figure 1. In vitro selection schemes for mRNA display and ribosome display
A naïve DNA library is first transcribed into mRNA, for use in either mRNA display or 

ribosome display. In mRNA display, 3′ puromycin ligation and in vitro translation yield 

display particles comprised of mRNA and the corresponding translated protein, physically 

linked by puromycin. In ribosome display, in vitro translation of the mRNA directly yields 

the display particles, consisting of the mRNA, a stalled ribosome, and the corresponding 

translated protein. In each case, the display particles are then subjected to a selection assay, 

such as binding to an immobilized target. The selected particles undergo RT-PCR to yield an 

enriched DNA library. This enriched library is either transcribed again to go through 

subsequent in vitro display rounds or analyzed to obtain successfully engineered proteins.
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Figure 2. Schematic overview of recent conceptual advances in cell-free macromolecular display
Novel or improved display particles and experimental designs expand the scope of protein 

phenotypes selectable by in vitro display methods. (a) Monovalent display of multimeric 

proteins [13**,16]. (b) Multivalent display of monomeric proteins [22,23*,25]. (c) 

Liposome display of integral membrane proteins [28*]. (d) mRNA display with 

incorporation of unnatural amino acids [33,34,38**].
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Figure 3. General flow diagram of cell-free directed evolution with notable recent advances 
highlighted
During each round of evolution (black), the DNA library is transcribed to mRNA and then 

translated under specific conditions to create selectable particles that link genotype and 

phenotype. These particles undergo a selection or screening step, and recovered particles are 

converted back into an enriched DNA library, which can be further analyzed or directly 

input into a new round. Conceptual advances (blue) focus on improving the display particles 

to allow selection of complex molecular phenotypes, as more specifically illustrated in 

Figure 2. Methodological advances (red) improve the accessibility, efficiency, and 

robustness of the distinct processes involved in in vitro directed evolution, and can generally 

reduce the time required for successful evolution (grey).
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