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Enzymes play an essential role in synthesizing value-added chemicals with high specificity and selectivity.

Since enzymes utilize substrates derived from renewable resources, biocatalysis offers a pathway to an

efficient bioeconomy with reduced environmental footprint. However, enzymes have evolved over

millions of years to meet the needs of their host organisms, which often do not align with industrial

requirements. As a result, enzymes frequently need to be tailored for specific industrial applications.

Combining enzyme engineering with high-throughput screening has emerged as a key approach for

developing novel biocatalysts, but several challenges are yet to be addressed. In this review, we explore

emergent strategies and methods for isolating, creating, and characterizing enzymes optimized for

bioproduction. We discuss fundamental approaches to discovering and generating enzyme variants and

identifying those best suited for specific applications. Additionally, we cover techniques for creating

libraries using automated systems and highlight innovative high-throughput screening methods that

have been successfully employed to develop novel biocatalysts for natural product synthesis.
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1. Introduction

Enzymes are powerful tools for synthetic chemistry because
they can produce (bio)molecules with high selectivity and
specicity.1–4 Biocatalysis, the use of enzymes to perform
chemical reactions, offers many advantages over conventional
chemical methods, e.g., milder reaction conditions, reduced
environmental impact, and access to novel chemical
functionalities.5–8 However, natural enzymes are oen not
suitable for synthetic applications because they may lack the
required activity, stability, or substrate scope.9 Therefore,
enzyme engineering—the modication of enzyme structure and
function by rational design or directed evolution—is essential
for implementing efficient bioprocesses.10–13 Such bioprocesses,
in turn, are key components of a bioeconomy, i.e., an economic
system that relies on renewable biological resources and
biotechnological processes to produce goods and services in
a sustainable manner.14–16 Establishing a true bioeconomy has
the potential to address global challenges, e.g., climate change,
resource depletion, food security, and public health.17–19 For
a global bioeconomy to become a reality, the challenge of
Nat. Prod. Rep., 2026, 43, 313–334 | 313
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developing efficient biocatalysts and improving existing ones
needs to be urgently addressed.20,21

Enzyme engineering enables the discovery or creation of
biocatalysts that can mediate new reactions, accept alternative
substrates, or operate under different process conditions. The
recent developments in computational and experimental tech-
niques have accelerated the process of enzyme engineering and
expanded the repertoire of biocatalytic transformations.22–25

Nowadays, enzyme engineering is a key driver of biocatalysis
and bioeconomy, i.e., the sustainable production of chemicals
and materials from renewable biological resources.26–28 Some of
the current strategies for the development of high-performance
biocatalysts involve screening natural diversity to isolate
enzymes with the desired activity, engineering biocatalysts to
expand their substrate range, redesigning mechanisms to
create novel reactivity, and computationally designing enzymes
from scratch. Biobased products and processes require tailored
enzymes that t their specic needs, e.g., activity (rates),
stability, sensitivity, and selectivity. The discovery, design, and
optimization of enzymes for bioproduction requires a system-
atic and comprehensive approach.29–31 Yet, one of the main
challenges in enzyme engineering is the screening of enzyme
variants, i.e., the selection of the best-performing enzymes from
a large and diverse pool of mutants.32

In this review, we discuss the growing demand for improved
enzymes as biocatalysts for a number of bioprocesses and the
increasingly important role of high-throughput screening (HTS)
methods inmeeting these needs. We explore possible sources of
enzyme variants, including state-of-the-art genome mining and
gene diversication techniques. Additionally, we examine
recent examples of machine learning (ML) and de novo enzyme
design, highlighting their current limitations. The review also
considers the expanding toolbox for HTS library generation and
how it can complement in silico towards de novo biocatalyst
From left to right

314 | Nat. Prod. Rep., 2026, 43, 313–334
engineering design and selection. We then outline strategies for
screening and isolating novel enzymatic activities, focusing on
both in vivo and in vitro HTS approaches. By showcasing recent
progress and improvements in these methods, this review
provides a roadmap for researchers in natural product
synthesis, biocatalysis, and metabolic engineering who are
interested in integrating HTS strategies into their workows.
2. Sources of natural and engineered
enzyme variants
2.1 Genome and metagenome mining: unearthing novel
biocatalysts

Nature has already developed myriads of enzymes that can be
used as biocatalysts. Instead of creating new catalysts from
scratch, the rich diversity of enzymes that exists in nature could
be the starting point for selecting biocatalysts.33–35 This
approach takes advantage of the evolutionary optimization that
these enzymes have undergone over time, which makes them
efficient and specic in their catalytic activities.36 Traditionally,
biocatalyst discovery relied on isolating and cultivating
microbes, a laborious and limiting approach. Recent advance-
ments in genome mining offer a powerful alternative to
isolation-dependent methodologies.37

Genome mining bypasses cultivation by directly analyzing
microbial genetic data (metagenomes). This approach unveils
a hidden treasure trove of enzymes encoded within hitherto
unculturable microbes and hence facilitates the discovery of
novel biocatalysts with unique properties. Dedicated soware
packages (e.g., antiSMASH38) help navigating these vast datasets,
predicting functionalities based on biosynthetic gene cluster
similarities. Additionally, sequence comparison tools (e.g.,
BLAST) aid in selecting the most promising candidates,39–43while
EnzymeMiner44 complements these approaches by automating
Eray U. Bozkurt is pursuing his PhD in the Systems Environmental
Microbiology (SEM) Group at the Technical University of Denmark
(DTU). He is developing high-throughput enzyme engineering plat-
forms, leveraging microuidics and automation. Eray holds a M.Sc.
degree from Bilkent University (Turkey), where he specialized in
protein engineering and biosensors. Emil C. Ørsted, a PhD student
at the SEM Group, explores synthetic methanol assimilation and
lignin valorization by Pseudomonas putida. He holds a M.Sc.
degree from DTU, focusing on cell factory engineering. He partici-
pated in iGEM (2021), developing a CRISPR toolkit for yeast engi-
neering. Daniel C. Volke, Senior Researcher and co-PI at the SEM
Group, specializes in expanding the synthetic biology toolbox for
reprogramming environmental bacteria. He holds a PhD from
RWTH Aachen University and a M.Sc. from the Technical University
of Munich (Germany). Pablo I. Nikel is a full Professor at DTU and
head of the SEM Group. He earned a PhD in Biotechnology &
Molecular Biology in Buenos Aires, and has worked in the USA,
France, Austria, and Spain (supported by EMBO and MSCA). His
team at DTU is pioneering the implementation of synthetic metab-
olism, pushing the boundaries of microbial biochemistry to produce
new-to-nature chemicals.

This journal is © The Royal Society of Chemistry 2026
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the search for soluble enzymes across a wide range of organisms;
the latter tool lters candidates based on user-dened criteria
(e.g., activity and stability), thus rening the selection process for
enzymes that are not only novel but also industrially viable.

While extensive databases like UniProt,45 Brenda,46 and
RetroBioCat47 offer a wealth of information on known enzymes,
information on how these enzymes interact with non-natural
substrates can be limited. This is a key challenge in enzyme
engineering because the engineering campaign typically relies
on starting with an enzyme that already possesses some activity.
Therefore, to explore the vast sequence space found in meta-
genomic data and nd enzymes with the desired activity, bio-
informatics and HTS screening can be coupled to overcome the
starting activity hurdle and aid in biocatalyst development for
industrial applications.48,49

AlphaFold2, an AI-driven tool developed by DeepMind50 that
builds upon the foundation of genome mining and bio-
informatics, has marked a paradigm shi in our understanding
of protein structures and their complex interactions. Alpha-
Fold2 has revolutionized the eld by accurately predicting the
three-dimensional structures of proteins solely from their
amino acid sequences. The implications for the eld are rele-
vant because this tool allows for rapid modeling proteins of
unknown structures, thereby accelerating the discovery and
engineering of novel enzymes and biocatalysts.51

The impact of AlphaFold2 extends beyond mere structure
prediction and has catalyzed a deeper comprehension of protein
dynamics and function. By elucidating the intricate folding
patterns that dictate protein activity,52 this tool has opened new
avenues for enzyme engineering, making possible the rational
design of proteins with enhanced or novel functionalities. This
feature is particularly signicant for industrial biocatalysis,
where the ability to predict and manipulate protein structures
can lead to more efficient and sustainable processes.53

The recent introduction of AlphaFold3 has taken these
capabilities a step further by incorporating the prediction of
protein–ligand interactions into its repertoire.54 This improve-
ment is a leap forward in computational biology because it
enables the prediction of how proteins interact with small
molecules, which is crucial for understanding enzyme–
substrate relationships. The predictive power of AlphaFold 3
facilitates the exploration of enzyme–substrate interactions
with non-natural substrates, and thus provides a powerful tool
for enzyme engineers seeking to tailor biocatalysts for specic
industrial applications. While many of the tools discussed are
effective at predicting protein structure, signicant progress is
still needed to enhance the predictions on enhancing enzyme
activities. Such improvements require further renement, and
potential candidates generated by these tools must undergo
rigorous testing to conrm their activity. In this context,
a recent review by Gantz et al.55 examines the interplay between
HTS systems and ML in protein engineering.
2.2 Generation of enzyme mutants via gene diversication

Another approach for exploiting the variant sequence space is in
vitro gene diversication which can be achieved through
This journal is © The Royal Society of Chemistry 2026
random or focused mutagenesis. Random mutagenesis
samples the sequence space sparsely to identify hot spots
correlated with desired properties without the need for detailed
information. The most used method, error-prone PCR (epPCR),
relies on low-delity DNA polymerases for replication to create
mutations, and therefore facilitates rapid engineering of target
proteins. By adjusting experimental conditions, e.g., elevating
magnesium levels, adding manganese, or using imbalanced
concentrations of deoxynucleotide triphosphates (dNTPs), the
mutation frequency can be signicantly enhanced to reach rates
as high as 8 × 10−3 per nucleotide. The mutation rate can be
further increased by utilizing mutagenic nucleotide analogues.
These analogues have alternate base pairing properties and
therefore greatly increase the mutation rate, by up to 10−1 per
nucleotide, yielding highly mutagenized variants.56 While this
method does not require any structure or function information,
it has some limitations. First, Taq polymerase favors certain
mutations over others and therefore the resulting library is
biased.57 To decrease such bias, another biased polymerase,
Mutazyme, has been employed to counterbalance the bias
introduced by Taq polymerase.58 A disadvantage of epPCR is the
inability of creating adjacent mutations. As a complementary
method to epPCR, sequence saturation mutagenesis (SeSaM)57

can introduce consecutive mutations, providing access to
a mutation space that is largely inaccessible by traditional
epPCR. Additionally, the creation of huge libraries necessitates
the use of HTS techniques. In the absence of such methods, it is
necessary to reduce the size of the library.

Focused mutagenesis (also termed as site-directed muta-
genesis) is one effective strategy for accomplishing library size
reduction. Unlike random mutagenesis, focused mutagenesis
refers to diversication of predetermined locations of a gene.
Predetermined locations are selected based on the detailed
knowledge of the protein's structure and function. Site satura-
tion mutagenesis is the most common type of focused muta-
genesis, where all 19 possible amino acids are substituted at
targeted positions which results in focused but highly muta-
genized, smaller, and smarter libraries. To shrink the library
size even further, codon degeneracy can be arranged. For
example, by allowing only G or T at the wobble position, the
library size can be decreased by 32-fold, making the screening
more efficient.57 Saturation mutagenesis can be performed in
iterative rounds, with the best variant from each round used as
the template for the next.

A recombination approach can also be used for creating
smarter libraries. Homologous recombination is a natural
evolutionary mechanism and key to running sequence diversi-
cation campaigns by DNA shuffling, which enables the
exploration of genetic sequence spaces inaccessible by methods
like epPCR and focused mutagenesis. The genes targeted for
recombination (oen a family of related genes) are rst
randomly broken down to fragments using DNaseI, and then
the fragments of the desired size are selected and puried.57

Recombination takes place when fragments from different
parental genes anneal at regions where there is high similarity
in the sequence. It has previously been shown that in many
instances DNA shuffling led to the creation of proteins that
Nat. Prod. Rep., 2026, 43, 313–334 | 315
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exhibit enhanced properties. Since reassembly relies on
sequence similarity between DNA fragments, parental genes
tend to be reconstructed due to high sequence identity. To
facilitate combinatorial DNA shuffling, different techniques
have been proposed. Random chimeragenesis on transient
template (RACHITT) utilizes single stranded uracil-containing
transient templates for library preparation.59 Donor fragments
are rst hybridized with transient templates. Heteroduplex
strand fragments are stabilized on the transient template in
full-length, rather than small overlaps. Next, uracil-DNA-
glycosylase treatment, followed by PCR, forms homoduplex
double-stranded DNA, resulting in a shuffled DNA library with
an increased number of crossovers.57

The choice of DNA library preparation method largely
depends on the screening technique accessible. An essential
distinction between DNA library preparation approaches is the
pooling status of the library. Unlike methods utilizing liquid
handlers and microuidics, random mutagenesis generates
a pooled library of variants. Consequently, the screening
process must be compatible with a pooled library setup. Typi-
cally, screening of pooled libraries involves a two-stage process:
an initial screening that favors the selection and enrichment of
certain variants over others, which is followed by a conrmatory
screening to verify the effectiveness of these variants.

In recent years, ML has emerged as a powerful tool in the
eld of rational design of biocatalysts.60 The application of ML
techniques has signicantly accelerated the identication and
optimization of enzymes for diverse catalytic reactions and
applications in biocomputing.61 ML algorithms can analyze vast
datasets comprising protein structures, sequences, and reaction
mechanisms, while extracting meaningful patterns and corre-
lations that can guide the design process.

ML techniques, e.g., deep learning and support vector
machines, have been employed to predict enzyme–substrate
interactions, substrate specicity, and catalytic activity. These
models leverage the wealth of available biological and chemical
data to make accurate predictions,62 streamlining the search for
optimal biocatalysts. The integration of ML with experimental
approaches has led to more efficient and targeted enzyme
engineering, ultimately contributing to the development of
tailored biocatalysts for specic applications.

In addition to leveraging ML, de novo enzyme design repre-
sents a paradigm shi in the rational engineering of
biocatalysts.63–65 Unlike traditional rational enzyme design,
where focus is placed on modifying the existing active site or
binding pocket of the enzyme to improve its interaction with the
substrate or the transition state, de novo design involves the
creation of entirely new enzymes from scratch. This innovative
approach is grounded in a deep understanding of protein
structure, function, and the principles governing enzymatic
catalysis.66 The de novo enzyme design process typically begins
with the identication of a target reaction and the determina-
tion of its key catalytic features. Computational tools, e.g.,
molecular dynamics simulations and quantum mechanical
calculations, are then employed to model potential enzyme
structures capable of catalyzing the desired reaction. Iterative
cycles of design and optimization, guided by both
316 | Nat. Prod. Rep., 2026, 43, 313–334
computational predictions and experimental validation, rene
the engineered enzymes for improved efficiency and specicity.

Advances in de novo enzyme design have opened avenues for
tailoring biocatalysts to meet specic industrial and environ-
mental needs. The ability to custom-design enzymes for non-
natural reactions or challenging substrates has broad implica-
tions for biotechnology and offers sustainable solutions for
various processes ranging from pharmaceutical synthesis to
biofuel production. Moreover, integrating ML techniques and
principles of de novo enzyme design are transforming the bio-
catalysis landscape to enable the development of highly effi-
cient and tailored catalysts with unprecedented precision and
speed. Yeh et al.67 demonstrated these advantages by employing
articial intelligence to guide the creation of novel luciferase
enzymes. By optimizing idealized protein scaffolds, they ach-
ieved high substrate specicity and catalytic efficiency for
oxidative chemiluminescence. This work showcases the poten-
tial of deep learning in enzyme design, even without natural
templates.
3. Tools for high-throughput
generation of variant libraries

In the previous section, we described approaches for the
systematic discovery and creation of enzymes. With increasing
sophistication and speed of in silico designs, the construction of
these has been tailored to becomemore efficient. DNA assembly
is the foundational step that enables scientists to examine
biological systems.68 However, such assembly most oen
involves labor intensive, error prone, and repetitive tasks.69 In
fact, DNA assembly can take up more than 50% of the time
a researcher spends in the lab. For these very reasons, DNA
assembly is an excellent candidate for automation.70 Develop-
ments in technologies, e.g., microuidics and liquid handling,
shaped the future of how biologists construct gene and strain
libraries.71 Another important advancement is the suitability of
specic protocols for new technologies, including non-
canonical microbial hosts, e.g., Pseudomonas putida.72–76

Modern DNA assembly methods, e.g., Gibson Assembly and
Golden Gate Assembly,77–81 are also promising, particularly
because they do not require sequential reagent addition. With
increasing use of automated platforms, DNA assembly methods
are becoming more advanced and suitable for satisfying the
needs of specic automation workows.82–84
3.1 Automated pipelines for creating gene libraries

Molecular cloning lies at the core of construction of any kind of
genetic library.85 Since molecular cloning is such a widespread
and highly demanded practice, employment of HTS systems has
become essential. These systems are more efficient than
manual processes and reduce both human error and the cost of
experiments.70 Notably, liquid handlers minimize the need for
direct human intervention, freeing up researchers to focus on
more critical tasks. It is therefore crucial that such systems
must be accessible to a large proportion of scientists.82 Low-cost
liquid handlers in particular, for example, Opentrons, play an
This journal is © The Royal Society of Chemistry 2026
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important role in removing the cost obstacle for entry into
automated DNA assembly and are becoming prevalent as an
accessible choice for workow standardization.82

An excellent example on the use of Opentrons for DNA
assembly automation was described in Storch et al.82 The
authors reported the implementation of a homology-based
cloning method called Biopart Assembly Standard for Idempo-
tent Cloning (BASIC). This assembly method utilizes 21-bp
single-stranded overhangs to combine DNA parts. With this
method, 88 independent variants, each expressing three genes,
were created and tested. Automation decreased the hands-on
time from more than 5 hours to 1.5 hours. The authors also
calculated that the operating cost was as low as 1.5 $ per DNA
construct, which eliminates the barrier of cost for many prac-
tical applications. Despite its many advantages, this method is
still not fully integrated and requires operator intervention.
Four different scripts need to be initiated at the beginning of
each step and the conguration of the plates needs to be
arranged. Although introduction of a thermocycler module to
OT-2 robots by Opentrons will add to the value of this method
and will shorten the hands-on time, alternative methods
Fig. 1 DNAda, an end-to-end, automated DNA assembly platform. The
ceEditor, which generates primers for PCR amplification of each part and
liquid handler to arrange oligonucleotides and templates into compat
integrated gel electrophoresis system and offers guidelines to redo any u
directs the Echo liquid handler to purify DNA using magnetic beads and c
with a yeast-assisted homologous recombination protocol, followed by p
coli, selecting colonies, and managing post-procedure steps, including
Adapted from Nava et al.86

This journal is © The Royal Society of Chemistry 2026
provide more exibility in terms of experimental design. DNA-
BOT, despite its low-cost and hence greater accessibility, is yet
to be fully integrated with cloning pre-steps, e.g., oligomer
design, and post-steps, e.g., sequence verication. Therefore,
pre- and post- DNA cloning steps remain as the bottleneck of the
workow.

Comprehensive integration of the procedure is crucial for
maintaining high throughput since the overall throughput of
the method is going to be evaluated based on the slowest
process. Therefore, transition between steps and inclusion of
pre- and post-DNA assembly steps should also be considered to
achieve more robust workows. The application developed by
Nava et al.,86 termed DNAda, offers a comprehensive platform
for DNA assembly (Fig. 1). DeviceEditor,87 a j5 algorithm-based
user-friendly soware for DNA assembly, lies at the core of the
DNAda platform. The j5 algorithm is a computational tool that
creates automated protocols for DNA assembly. Since its intro-
duction in 2012, this algorithm has been one of the key tech-
nologies supporting computer-aided design of DNA
constructs.88 DNAda is the rst example of integration of an
algorithm into automated laboratory workows.
sequence begins with in silico combinatorial DNA design using Devi-
construct. The system also provides instructions for the Echo acoustic
ible plates for each design. DNAda can analyze PCR results with an
nsuccessful amplifications. After successful amplification, the software
oordinates the components for DNA assembly. The process continues
lasmid DNA extraction. DNAda then assists in transforming Escherichia
stock preparation and submission for verification of all constructs.

Nat. Prod. Rep., 2026, 43, 313–334 | 317
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The DNAda platform utilizes j5-designed DNA assemblies
and provides streamlined automation instructions in each step
of the DNA assembly process. The workow starts by designing
an in silico combinatorial DNA assembly using DeviceEditor,
which designs oligonucleotides for PCR amplication for each
construct and outputs a purchasing order sheet. Furthermore,
the DNAda application provides automation instructions
compatible with an Echo Acoustic Liquid Handler (Beckman
Coulter). Machine-compatible plates, using appropriate oligo-
nucleotides and templates, can be incorporated to assemble
each construct designed in silico. Additionally, if amplication
results are analyzed using a compatible gel electrophoresis
device [Zero Agarose Gel (ZAG) DNA electrophoresis; Agilent
Technologies], the DNAda application can interpret the results
of PCR and provide instructions to repeat the failed amplica-
tions. The high-level of automation not only decreases hands-on
time but also minimizes interactions by the user in terms of
sample handling and tracking.

Aer successful amplication, the program proceeds with
Echo liquid handler instructions for DNA purication using
magnetic beads and mixing parts for DNA assembly. The user
then performs the yeast-assisted homologous recombination
protocol and plasmid extraction. Aer plasmid extraction, the
DNAda application assists with transformation to Escherichia
coli, colony picking and, most importantly, post-steps (e.g.,
stock preparation and submission for verication).

The DNA assembly methods in the examples above still have
exibility limitations. Restriction based methods, e.g., Golden
Gate assembly, require all DNA fragments to be free of “unin-
tended” restriction sites, which places a huge burden on the
versatility of the method. Even though homology based cloning
methods, e.g., SLIC, SLICE, or Gibson assembly do not have
stringent sequence constraints, they are not entirely without
limitations.89 Single-stranded DNA (ssDNA) generated by this
method may form secondary structures which signicantly
decrease the efficiency of certain constructs. The tendency to
form secondary structures introduces a degree of bias into these
methods. Therefore, in an outstanding example of end-to-end
automation at biofoundry scale, Enghiad et al.89,90 developed
a novel cloning strategy based on articial restriction enzymes.
The cloning strategy “PfAgo” can create dened ends unlike
homology-based methods where exonuclease activity creates
>20–40 nt; therefore, “PfAgo” can handle repeated sequences
better and theoretically can construct any sequence. This
workow represents a fully automated, end-to-end platform
integrating 23 machines. The workow starts with entering the
sequences to be assembled aer which the system requires no
further human interference. The developed soware designs
primers and guides for PfAgo cloning. This soware is also
capable of making smart decisions that overlap with daily wet
lab work. For example, if a part is smaller than 80 bp, the
soware makes the decision to add the part as overhangs by
PCR, if feasible. Furthermore, for verication of plasmid
assembly, the platform performs conrmatory digestion in
which the restriction sites are decided so that the resulting
bands are distinct and observable.
318 | Nat. Prod. Rep., 2026, 43, 313–334
The platform can be divided into three main modules: (i)
upon receiving the oligo parts, the process from diluting
oligonucleotide stocks until PCR purication is performed
without human intervention with the help of complex auto-
mation equipment, e.g., centrifuges, robotic arms, and liquid
handlers; (ii) once the required DNA sequences have been
amplied, the cloning module spans from mixing correct
sequences to be joined to transformation of assembled prod-
ucts to E. coli cells using integrated liquid handlers and ther-
mocyclers; and (iii) the last module consists of isolating single
colonies, purication of plasmids and verication of cloning by
digestion followed by gel electrophoresis and preparing glycerol
stocks for veried plasmids. The workow has been highly
validated by assembling 101 plasmids with different sizes of
plasmids, ranging from 5 to 18 kb, with up to 12 DNA parts for
six different species. The combination of the three automated
modules amount to 20 000 pipetting steps that otherwise would
need to be performed by a group of researchers. In this work-
ow, the operator only has to make decisions based on the
experimental designs—and repeat if necessary.
3.2 Microuidics platforms for DNA assembly

Microuidics technology offers handling of even lower volumes
than automation robots, e.g., Echo liquid handler or Opentrons,
ranging from microliters to femtoliters.91 The emergence of
Gibson Cloning and Golden Gate Assembly, which do not
require sequential reagent addition, have enabled microuidics
applications at DNA level. Developments in digital microuidics
now allow standard biological protocols, e.g., DNA assembly,
transformation, and incubation, to become a streamlined and
integrated process. Adoption of Lab-On-A-Chip devices is
a milestone in biotechnology by minimizing the volumes, cost,
effort, and time of the biological processes.92

Shih et al.93 proposed a framework on how microuidics
could accelerate the build part of the Design-Build-Test-Learn
(DBTL) cycle. The authors showcased a rst-case example of
using hybrid microuidics for synthetic biology by adopting
three common cloning techniques, i.e., Golden Gate, Gibson
Assembly, and yeast assembly. This engineering effort was
validated by automatically constructing 32 separate plasmids.
The microuidics device consists of three regions. The rst one,
the DNA assembly region, is where droplets carrying inserts and
vectors are mixed. In this step, necessary reagents for the
cloning technique are also added. Next, the droplets are incu-
bated for varying times, depending on the cloning technique. A
built-in temperature control ensures the right thermodynamics
for DNA assembly. The plasmids are then mixed with cells and
the droplets are delivered to the next region where a potential is
applied to the droplet containing assembled DNA and cells for
electroporation, hence allowing plasmid assembly and electro-
poration of assembled plasmids on-a-chip. The system shows
potential for automating and scaling up DNA assembly and
made possible the design of up to 16 unique constructs per run.
While effective for assembling plasmids and performing
transformations, the ability to handle multiple DNA assemblies
simultaneously was not veried. Users need to manage
This journal is © The Royal Society of Chemistry 2026
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preparatory and follow-up steps to maintain the throughput
offered by the device.

An ideal HTS setup should cover the overall process. When
a step is not amenable for automation or needs signicant user
intervention, it creates a process bottleneck hindering the overall
throughput of the workow. A comprehensive example is
provided by Linshiz et al.94 The introduced platform facilitates
a seamless integration of design, build, and test phases, begin-
ning with automated in silico DNA library design and culmi-
nating in evaluation of these libraries. The “DNA Constructor”
soware was created for optimizing combinatorial DNA library
protocols. For DNA assembly, a new method named isothermal
hierarchical DNA construction (IHDC) was developed. The
advantages of IHDC are that it is independent of temperature
cycling and needs reduced process control, making it particularly
well-suited for microuidic environments. In addition, the
adaptability of IHDC for DNA cloning was validated using Gibson
assembly, Golden Gate assembly, and yeast DNA assembly
methods. Heat-shock transformation was performed utilizing
a Peltier external temperature controller. Furthermore, Linshiz
et al.94 evaluated the DNA library basic assessment methods by
combining their setup to an external camera, such that uoro-
metric and colorimetric assays can be easily monitored.

Overall, the automation era of biology brings standardiza-
tion to molecular cloning protocols and minimizes the bias
introduced by the user. Employment of automation techniques
allows higher throughput per round of experiment and signi-
cantly decreases hands-on time. Furthermore, the much
smaller volumes required per sample enable efficient cost-
minimization. Liquid handlers are a vital asset for the next
foundational steps of automated biotechnology due to their
greater adaptability with current DNA assembly protocols,
relative ease of integration with other equipment, and higher
throughput compared to microuidics systems to date.
However, there is a limit to miniaturization of liquid handlers
due to machine capabilities and evaporation in open-air
systems. Microuidics systems as a closed platform have
advantages in terms of down-scaling and therefore cost effec-
tiveness. Both systems have unique advantages and drawbacks,
and the future of these technologies may lie at the intersection
of microuidics and robotic systems, with liquid handlers
integrated into microuidics setups to allow manipulation of
liquid in microuidics channels.
3.3 High-throughput genome engineering protocols

Numerous products obtained by biocatalysis (both in vitro and in
vivo) have signicant commercial importance within pharma-
ceutical, ne and bulk chemicals, including terpenoids, alcohols,
amino acids, organic acids, and antibiotics.95–98 Many of these
compounds are created via complex metabolic pathways and are
subject to strict regulation in their native context. Furthermore,
natural strains oen lack the capability to produce these valuable
compounds in sufficient quantities.99 Consequently, extensive
genome engineering is needed to reconstruct and debottleneck
these metabolic networks to achieve sufficient titers of the
products of interest,96 and to generate new-to-Nature
This journal is © The Royal Society of Chemistry 2026
products.100–103 High-throughput genome engineering tools are
therefore essential for assembling metabolic networks and
generating cell-based libraries. In recent years, multiplex auto-
mated genome evolution (MAGE)104 has become a prevalent tool
for high-throughput genome engineering.

MAGE is an efficient and rapid tool that allows gene
manipulation simultaneously in multiple loci. Initially
described for E. coli,105 the technique was quickly adapted for its
use in a wide range of prokaryotic and eukaryotic organisms.
MAGE utilizes the l-Red phage proteins to facilitate recombi-
nation between short single stranded DNA and the genomic
locus of interest. The workow starts by growing the cells at 30 °
C until the culture reaches mid-logarithmic phase. A tempera-
ture inducible expression system regulates the expression of l-
Red proteins. Thus, when the cells are transferred to 42 °C, the
expression of l-Red genes is initiated, and the mismatch repair
(MMR) system of the host is inactivated.106 Upon introducing
single-stranded, mutation-carrying DNA oligonucleotides via
electroporation, the oligonucleotides integrate in the lagging
strand of the replication fork during DNA replication, yielding
mutated genomes.47 In this way, MAGE allows specic gene
manipulations while maintaining a stable genome by using
only DNA oligonucleotides and creating genetic diversity that
can be tested in a search for better production strains.

Since the MAGE system was rst described in 2009, it has
proven useful for many purposes, including (but not limited to)
changing the native genetic code of microbial hosts,107,108

incorporating non-standard amino acids,109 inserting histidine
tags,110 and optimizing the production of high-value chemicals,
e.g., lycopene,111 curcumin,112 b-carotene,113 and L-DOPA, with
improvements in the product titer of up to 38.2 fold.112 For
instance, while achieving improved curcumin production, Kang
et al.112 constructed an E. coli strain library where 50-untrans-
lated region sequences of six genes playing a role in curcumin
pathway were randomized. The strain library was rst screened
by visual inspection on agar plates for color formation. For
selected variants, LC-MS measurements were carried out.
Strikingly, the highest performing strains were observed to
express signicantly less of two of the six enzymes, which led to
improved production of curcumin. In another article, L-DOPA
production from glucose was improved by tuning the ribosome
binding site of 15 genes utilizing MAGE. In yet another example,
b-carotene production in S. cerevisiae, was improved by creating
an S. cerevisiae strain library. Here, the promoters, open reading
frames, and terminators of four genes in b-carotene production
pathway were targeted. The library then showed different levels
of b-carotene and diverse colorimetric phenotypes, proving the
effectiveness of MAGE.114
4. Strategies and screening/selection
technologies for novel biocatalysts

A major challenge of synthetic biology is the creation of efficient
HTS and automated pipelines for the Design-Build-Test-Lean
(DBTL) cycle.115–117 Democratization of such pipelines is
another challenge to harness their full potential.118 In this
Nat. Prod. Rep., 2026, 43, 313–334 | 319
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Fig. 2 High-throughput technologies for selecting superior biocatalysts. (A) High-throughput screening (HTS) workflows implemented to
facilitate the generation and screening of enzyme variants. (B) Techniques applied for read-out detection in HTS of enzymatic reactions. TF,
transcription factor. (C) Comparison of different detection methods that enable versatile HTS workflows. Chromatographic separation, coupled
with various detection methods (e.g., LC-MS, HPLC, GC-MS), has a relatively low throughput, but products can be measured and quantified
directly. Fluorescent and colorimetric assays in amicrotiter plate format can be scaled down to the nL level. Automation is possible when using an
acoustic liquid handler. Microfluidics droplet generation is compatible with various manipulation and sorting strategies for different readouts, as
shown in panels (D)–(F). FACS enables extremely HTS with tiny reaction volumes. (D) Fluorescence assistant droplet sorting (FADS)-based
screening platform by Holstein et al.119 A cell-free expression (CFE) systemwas employed to screen a large (1014) protease library. To this end, the
DNA encoding the variants was encapsulated together with an isothermal DNA polymerase and PCR components to amplify the template in
a completely in vitro setup. This approach increases the gene copies in each droplet to 30 000, ensuring adequate protein yield in subsequent
CFE processes. CFE reagents were pico-injected into the droplets, which were then incubated for 4 hours to allow protein production. Finally,
a fluorogenic casein substrate was pico-injected, and the droplets underwent another incubation period for hydrolytic cleavage to occur,
producing a fluorescent signal. The droplets were then sorted based on their fluorescence using FADS. (E) Outline of the absorbance activated
droplet sorting (AADS) system by Gielen et al.120 E. coli cells carrying a pheDH library (obtained via error-prone PCR, epPCR) were encapsulated
into droplets and lysed to release the enzymes. Inside these droplets, the exposed enzymes reacted with the substrate to catalyze the formation
of formazan dye. Post-incubation, droplets were sorted based on their absorbance. This process identified a PheDH variant with an activity
increase of up to 2800-fold, achieving read-out rates of 300 droplets per second. (F) Mass-activated droplet sorting (MADS), developed by
Holland-Moritz et al.121 and adopted by Payne et al.122 to screen for lysine overproducers. This system analyzes the content of droplets by splitting

320 | Nat. Prod. Rep., 2026, 43, 313–334 This journal is © The Royal Society of Chemistry 2026
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section, we describe some selection/screening strategies (Fig. 2A)
coupled with HTS and automated pipelines (Fig. 2B) that can be
implemented with the technologies described in the previous
sections. Such strategies can be generally divided into two cate-
gories: selection-based and screening-based. Selection refers to
the survival of a functional (strain) variant, while nonfunctional
variants were eliminated. In contrast, screening refers to the
assessment of as many variants as possible, thus reducing the
likelihood of missing a desired trait. The approaches can also be
categorized based on several other criteria, including employ-
ment of in vivo versus in vitro approaches, analyte detection
method (e.g., colorimetric, uorometric, or analytical; Fig. 2C),
and whether an extracellular or an intracellular compound is
detected. The choice of technology varies signicantly based on
the analyte and the chosen output method. We examine the
strategies that can be implemented in HTS setups and how
current state-of-the-art technologies can be combined with
different screening/selection strategies.
4.1 Strategies for diversication of the catalytic landscape

In vivo mutagenesis encompasses a set of techniques used to
introduce mutations into the DNA of living organisms. Tradi-
tionally, these methods have relied on random mutation of the
entire genome, including exposure to mutagens, e.g., UV radia-
tion ormutagenic chemicals, but it is possible nowadays to target
and modify specic regions containing genes or entire path-
ways.123 Several molecular tools can be implemented to this end,
e.g., CRISPR-Cas systems, oligonucleotides, or specialized
enzymes,124–131 which can be designed to recognize and alter
specic DNA sequences. By adopting in vivo genetic tools to
increase enzyme variability, the method can speed up the testing
phase of the DBTL cycle and aid in selecting improved variants
by coupling the enzymatic activities to growth in HTS setups.132

Once in vivo mutagenesis has been applied to enhance
library complexity, a pool of mutants is conventionally screened
by plating on selective agar plates and selecting colonies based
on size, uorescence, or other phenotypical characteristics. One
of the most commonly adopted strategies for enzyme selection
is the use of biosensors.133 Biosensors play a crucial role in these
systems, serving as molecular sentinels that detect and quantify
the presence of specic genetic or phenotypic changes. The use
of cell surface display technologies, which present the
biosensor on the exterior of the cell, allow for immediate
interaction with the extracellular space of the target molecules.
The integration of in vivo mutagenesis with HTS technologies,
e.g., FACS and pico-droplet encapsulation, permits rapid anal-
ysis of large numbers of mutants at a scale and speed that were
once inconceivable.134–136 These automated high-throughput
methods also signicantly reduce the labor and costs associ-
ated with traditional mutagenesis techniques, e.g., manual
screening of agar plates.137
the droplet population into two fractions: one is sent for ESI-MS analysis a
ESI-MS results, droplets are sorted. The utility of the system was demo
a derivative harboring the DapAE84T mutation. These strains were enca
production. Clones displaying high lysine production levels were subseq

This journal is © The Royal Society of Chemistry 2026
4.2 Enzyme diversication in vivo

In vivo assessment of enzymes can be achieved (among other
strategies) in auxotrophic sensor strains,132 with systematic
growth-coupling designed by modeling,138 or by using antime-
tabolite selection strains.139 Common to all three assessment
methods is the generation of a selective pressure that
suppresses growth (Fig. 3 and 4), either through disrupting the
microorganism's metabolic pathway through targeted deletions
of specic genes or through use of metabolic analogs. In this
way, growth of the microorganism is restored via synthesis of
the target molecules.115 This intentional disruption creates
a dependency where the organism's survival and growth under
restrictive conditions are solely dependent on the activity of
a particular enzyme or metabolic pathway (Fig. 3A). Essentially,
the organism can only thrive if the targeted biochemical process
is functioning efficiently thereby linking survival to the
successful operation of the desired metabolic route.142 However,
the optimization of enzymes through in vivo assessment is
restricted to those that can be effectively integrated into the host
cell metabolism to facilitate growth-coupling, or to those that
yield an antimetabolite.

Consistent selective pressure can drive the evolution of
auxotrophic selection strains and improve the ux capacity of
targeted enzymes. By integrating strategic genetic engineering,
growth-coupled selection, and adaptive laboratory evolution
(ALE, Fig. 3B), enzyme variants or metabolic pathways can be
efficiently identied and rened. Upon genotypic and pheno-
typic characterization (e.g., aided by multi-omic analyses;
Fig. 3C), these methodologies enable harness optimized bio-
logical systems for high-throughput, growth-coupled selection
for natural product biosynthesis.115,142

A recent study by Femmer et al.141 demonstrated the minia-
turization of a growth-based, enzyme evolution process where
growth behavior correlates with the desired improvements in
enzyme performance. Here, the authors engineered an arginine
auxotrophic E. coli strain for directed evolution of the peri-
plasmic broad-substrate racemase PpAAR that catalyzes race-
mization of D-ornithine (Fig. 4B). The product of PpAAR, L-
ornithine, is a precursor of arginine synthesis and can therefore
complement the auxotrophy. The stringency of the selection can
be ne-tuned by including an antimetabolite, D-lysine, which is
a competitive inhibitor of PpAAR. A HTS platform that leverages
alginate droplets with nanoliter reaction volume (NLRs) was
implemented to cultivate library clones. By creating conditions
where only the bacteria with the most efficient racemase
survive, the researchers could identify mutations that enhance
enzymatic activity and sort the NLRs through uorescence-
assisted particle sorting.

This method is particularly useful because it enables selec-
tion of benecial traits without the need to directly screen each
individual variant, which would be impractical given the large
nd the other is kept in a microfluidic delay line for sorting. Based on the
nstrated by employing two E. coli strains, i.e., a wild-type strain and
psulated within emulsions and cultured in droplets to facilitate lysine
uently cultured and underwent genotype validation.
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Fig. 3 Growth-coupled selection for metabolic modules. (A) To apply growth-coupled selection, a wild-type microbial strain is rewired through
targeted gene deletions that disrupt the native metabolic network, rendering the strain auxotrophic for specific metabolites. These selection
strains are then used to test synthetic modules, e.g., enzymatic reactions of interest and their variants, which provide the essential metabolite(s).
Successful complementation restores the growth of the synthetic auxotroph. (B) Adaptive laboratory evolution (ALE) can be implemented to
improve growth rates and biomass yields. These parameters are a proxy of the synthetic module activity, as they are coupled to each other under
selective growth conditions. (C) ALE cycles can be iterated as necessary, and the evolved clones are then subjected to multi-omic character-
ization and genotyping. This sequential process allows for the identification and reverse-engineering of beneficial mutations in a naı̈ve (non-
evolved) microbial host. Adapted from Cros et al.140
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number of possibilities. Instead, the growth of the microor-
ganism itself indicates a successful mutation. This connection
facilitates rapid screening and identication of enzyme variants
with enhanced performance. The results exposed the platform's
potential as a simple and effective strategy for in vivo enzyme
evolution by quantication of residual substrate143 or enzyme
activity, either surface-displayed144,145 or intracellular.146 The
utility of this method is further highlighted by the fact that it
can be easily adapted to most screenings using different
antimetabolites.

Selecting improved variants can also be automated using
a biosensor. Biosensors are particularly valuable in HTS
because they streamline the traditionally labor-intensive and
time-consuming process of enzyme selection. Additionally,
biosensors facilitate rapid and sensitive detection of specic
biological molecules, making them ideal for identifying and
selecting enzymes with desired characteristics.147 In HTS,
a large number of variants of enzymes or other proteins can be
tested simultaneously for their ability to catalyze a reaction,
bind to a substrate, or inhibit a process.148 By integrating
biosensors into microuidic systems or other automated plat-
forms, thousands of enzyme reactions can be monitored at
322 | Nat. Prod. Rep., 2026, 43, 313–334
once, greatly accelerating the process of identifying the most
effective enzymes for industrial processes, therapeutic applica-
tions, or research purposes.

Li et al.149 described the utilization of a biosensor to enhance
erythritol production in the oleaginous yeast Yarrowia lipolytica
through a picodroplet-based co-culture system. The method-
ology revolves around the use of uorescence-activated droplet
sorting (FADS) combined with a transcription factor (TF)-based
biosensor. This system facilitates high-throughput isolation of
yeast mutants that overproduce erythritol, an important sugar
alcohol in the food industry. In the absence of erythritol, the
biosensor circuit expresses a repressor protein, inhibiting the
expression of reporter gene. In the presence of erythritol, the
repressor protein undergoes a conformational change and can
no longer bind to the promoter region, allowing expression of
the GFP reporter gene. The three-step droplet operation process
is illustrated in Fig. 5. Initially, droplets encapsulating yeast
mutants were generated and incubated to support erythritol
production (Fig. 5A). Next, a uorescent erythritol-biosensing E.
coli strain was pico-injected into the droplets (Fig. 5B). Finally,
the droplets with the greatest uorescence, which correlates
with the highest erythritol production, were sorted via FADS
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 High-throughput selection of enzyme variants encapsulated in alginate droplets with nanoliter reactors. (A) A DNA library encoding
PpAAR racemase variants is generated using error-prone PCR amplification, and fluorescent E. coli cells expressing a superfolder GFP gene
(sfGFP) are transformed with the library and encapsulated in nanoliter reactors (NLRs). These NLRs are formed by laminar jet break-up in
a calcium chloride (CaCl2) solution. The encapsulated cells proliferate in a stringent selective medium, where only those with a functional
enzyme can grow. Large-particle flow cytometry is used to rapidly enrich NLRs containing large colonies, effectively separating active and
inactive enzyme variants. Clones with active enzyme variants are transferred to rich LB medium for growth before being re-encapsulated for
another round of enrichment. The top candidates are sorted into microtiter plates, where the expression of the PpAAR racemase variants is
analyzed to determine specific activity. (B) Deletion of argA creates an arginine auxotrophy that can be rescued by L-ornithine. L-Ornithine can be
obtained from externally supplied D-ornithine through PpAAR activity. The gene encoding PpAAR is expressed from a plasmid that includes
tetracysteine (TC) and hexahistidine (H) tags, subsequently used for fluorescence-based quantification of PpAAR racemase levels in cell-free
extracts and for protein purification, respectively. The PpAAR variants are transported to the periplasm, where L-lysine and D-ornithine compete
for the active site; the selection stringency can be adjusted by titration with the antimetabolite L-lysine. Adapted from Femmer et al.141
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(Fig. 5C). To optimize this process, the temperature and pH
within the droplets were controlled, thus separating the eryth-
ritol production and detection phases and suppressing back-
ground biosensor expression using pH-sensitive erythromycin.

Aer four rounds of iterative mutagenesis and screening,
a high-performing strain, Yarrowia lipolytica S4-9, was identied
and isolated. This strain had a signicant increase in erythritol
yield (17%) and production rate (26%) in 5 liters bioreactor
cultures compared to the parent strain. The success of the study
illustrates the potential of the FADS-TF co-culture system for
HTS of extracellular products, paving the way for its application
in screening other valuable metabolites as more biosensors
become available. The methodology and results collectively
highlight the efficiency and effectiveness of the microuidic-
This journal is © The Royal Society of Chemistry 2026
biosensor co-culture system in enhancing industrial bio-
production and provide valuable information on how back-
ground expression of biosensors can be eliminated.

The platform described in the study advances the level of
automation for HTS in bioproduction. The use of microuidic
droplets, combined with biosensors and FADS, enables the
implementation of a largely automated process that can easily
screen 106 samples per hour, identifying and isolating high-
performing strains with minimal human intervention.
However, while the system automates screening and selection
of yeast mutants, human oversight is still necessary at certain
stages. For instance, setting up the initial parameters, preparing
the mutant libraries, and analyzing the nal strains for eryth-
ritol production require human expertise. Additionally, the
Nat. Prod. Rep., 2026, 43, 313–334 | 323
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Fig. 5 Fluorescence-activated droplet sorting (FADS) platform for high-throughput screening of Yarrowia lipolytica mutants with improved
erythritol production. (A) In a first step, single Y. lipolytica mutants are encapsulated and collected in a breathable Teflon tube, where they are
incubated at 30 °C for 36 hours. During this incubation, the yeast cells proliferate and release erythritol into the droplets. (B) The second step
involves injecting an E. coli biosensor strain into the droplets. The droplets are then incubated at 37 °C for 12 hours, allowing the E. coli biosensor
to proliferate and detect erythritol produced by Y. lipolytica within the droplets. (C) Droplets with high fluorescence intensity (connected to
enhanced GFP, eGFP, which indicates elevated erythritol concentrations), are sorted using FADS (see also Fig. 2D). This process allows for the
identification and isolation of high-yield mutant strains. Adapted from Li et al.149
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interpretation of results and decisions for subsequent rounds of
mutagenesis and screening also relies on human judgment.

Cell surface display is an advanced biotechnological strategy
that enables the presentation of heterologous proteins on the
exterior of a microbial cell. This is accomplished by genetic
fusion of the protein of interest, referred to as the passenger
protein, with a carrier protein that possesses an anchoring
domain. This domain facilitates the localization of the fusion
protein to the cell membrane. Cell surface display can be
324 | Nat. Prod. Rep., 2026, 43, 313–334
a powerful tool in HTS for enzyme selection due to its ability to
link phenotype with genotype for extracellular processes and
products. In this context, the phenotype is the observable
functional trait of the enzyme, e.g., its ability to catalyze a reac-
tion, while the genotype is the genetic makeup that encodes the
enzyme.

In HTS, a vast library of enzyme variants can be displayed on
the surface of a cell, typically yeast or bacterium. The screening
process involves exposing such enzyme libraries to a substrate
This journal is © The Royal Society of Chemistry 2026
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or a reaction condition. The enzymes that can catalyze the
desired reaction will bind to or convert the substrate which can
be detected by various methods. For instance, if the reaction
produces a uorescent product, the cells with the most active
enzymes will glow if excited by light of a specic wavelength.
These ‘successful’ cells can then be isolated using techniques,
e.g., FACS. Once isolated, the coding genes of these cells can be
sequenced to identify the mutations that led to the improved
enzyme function. This method allows researchers to screen
millions of enzyme variants simultaneously, making it an
ultrahigh-throughput approach. The approach is particularly
useful for identifying enzymes with improved properties, e.g.,
increased activity (rates), stability, or substrate specicity,
which are important for industrial applications, e.g., biofuel
production, waste treatment, and synthesis of complex
chemicals.

Cribari et al.150 have developed a high-throughput yeast cell
surface display platform that can rapidly evaluate over 10
million enzyme mutants, as shown in Fig. 6. Their novel
methodology was used to enhance the activity of enzymes that
degrade synthetic polymers, which is crucial for eco-friendly
plastic recycling. The library size for screening of such
enzymes was limited to around 10 000 mutants, due to the
constraints imposed by polymer degradation assays. In the
innovative platform, each yeast cell displays a unique mutant
enzyme, and the activity of these enzymes is measured by the
change in uorescence when a synthetic probe, designed to
Fig. 6 Yeast surface display platform for evolving PET-depolymerizing e
with each yeast cell displaying copies of a polyethylene terephthalate (PET
with a probe molecule resembling PET. For this tagging procedure, yea
using NHS labeling. Then, copper click chemistry is used to attach a prob
High-activity enzyme mutants cleave the probe more efficiently than
a fluorescent streptavidin phycoerythrin conjugate (sAv-PE). Cells display
probe cleavage and, consequently, enhanced enzyme activity. The sAv-
enzyme by immunostaining a myc epitope tag appended to the enzyme

This journal is © The Royal Society of Chemistry 2026
resemble a polymer of interest, is cleaved. The most active
mutants, those showing increased uorescence, are then iso-
lated using FACS and subsequently sequenced. To demonstrate
the efficacy of this platform, the researchers conducted directed
evolution experiments on a polyethylene terephthalate (PET)-
depolymerizing enzyme, known as leaf and branch compost
cutinase (LCC).151 They discovered mutations that signicantly
enhanced the enzyme's ability to degrade solid PET lms. One
mutation, H218Y, was highlighted for its role in improving the
enzyme's binding affinity to PET, which was supported by
biochemical assays and molecular dynamics simulations.
Overall, the study achieved a remarkable increase in the
throughput for screening polymer-degrading enzymes by three
orders of magnitude.

While mutagenesis takes place concurrently with the selec-
tion of the desired phenotypic trait during directed in vivo
evolution, in vivo hypermutators can be used to increase the
mutation rate which is naturally between 10−10 to 10−9 per cell
per generation to as high as 10−4 within the target gene(s).152–155

A hypermutator is a synthetic tool used to enhance the mutation
rate within, or in proximity to, a gene of interest.156 Different
techniques have been developed for engineering hypermutator
strains, as recently reviewed by Molina et al.153

The key advantage of using hypermutator strains is that they
can be used to generate mutational depth quickly in the form of
diversied enzyme variants that are highly t to perform
a desired activity without mutating or activating off-target
nzymes. A library of >107 yeast clones is prepared in a single test tube,
)-depolymerizing enzyme variant on its surface. These cells are coated
st cells are first non-specifically coated with an azide-linker construct
e to the linker, which contains an aromatic ester and a terminal biotin.
low-activity mutants. To detect biotin, yeast cells are stained with
ing low sAv-PE signals are isolated using FACS, based on high levels of
PE signal is normalized to the expression level of the PET-degrading
. Adapted from Cribari et al.150
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enzymes that might circumvent selection in the chosen strain.
The integration of hypermutators with high-throughput capa-
bilities of in vivo experimentation opens the door to a multitude
of evolutionary pathways, hence enabling researchers to iden-
tify the true global maxima within the tness landscape. Addi-
tionally, oscillating the selection pressures has emerged as an
alternative technique for traversing different tness landscapes,
thus increasing the chances of reaching a global maximum for
the phenotype of interest.157

In a recent study, Chen et al.158 developed an innovative
ultraHTS-assisted in vivo evolution system for enzyme
Fig. 7 A hypermutator platform for temperature-controlled continuous
prone DNA polymerase I (Pol I*) gene under control of the temperature-
of ColE1 plasmids and thereby the mutation rate is increased downstream
further enhance the mutation rate, the mismatch repair (MMR) systemwa
into mutS, which leads to almost wild-type levels of spontaneous mu
replication of the target plasmid at 43 °C, the synergistic action of Pol I* an
temperatures. (B) In vivo evolution of a-amylase (bla) for enhanced st
membrane chimeric protein Lpp–OmpA, which directs the chimera to
passing the hypermutator strain from mutagenesis conditions (43 °C, r
mented with starch as sole carbon source). Single clones of the library w
fluorescence. (C) Using the hypermutator platform for improved resve
repressor blocks mCherry transcription in the absence of resveratrol. Up
synthesized. A ColE1 plasmid harboring the genes for resveratrol biosynth
introduced into the hypermutator strain. A library of variants was created
highly fluorescent cells. Adapted from Chen et al.158

326 | Nat. Prod. Rep., 2026, 43, 313–334
engineering using a hypermutator allele (Fig. 7A). The contin-
uous in vivo evolution utilizes a thermo-inducible error-prone
DNA polymerase and a temperature-sensitive mutS mutant.
This setup facilitated the increased generation and xation of
mutations in an a-amylase gene cloned in the E. coli hyper-
mutator (Fig. 7B). This system had a 600-fold higher mutation
rate than the wild-type strain.

Finally, cell-free expression (CFE), also known as in vitro
protein synthesis, has been increasingly adopted over recent
years for high-throughput production and characterization of
proteins.159 CFE refers to protein production without the use of
in vivo evolution. (A) The system is based on a plasmid-borne error-
sensitive lPR/PL-cI857* expression system. Pol I initiates the replication
of the ColE1 origin of replication (ori) at temperatures above 37 °C. To

s rendered temperature-sensitive by incorporating the A134Vmutation
tants at 37 °C, but increases the mutation rate above 43 °C. During
d MutSA134V mediates a higher mutation frequency compared to lower

arch hydrolysis. Bla was fused to the carboxyl terminus of the outer
the cell surface. An evolved library of Bla variants was generated by
ich medium) to selective conditions (37 °C, minimal medium supple-
ere co-embedded with starch in droplets, sorted on the basis of high
ratrol production using a resveratrol-responsive biosensor. The TtgR
on binding resveratrol, TggR releases the operator site and mCherry is
esis, i.e., stilbene synthase (STS) and p-coumarate:CoA ligase (4CL), was
using iterative mutagenesis passages with consecutive FACS sorting for

This journal is © The Royal Society of Chemistry 2026
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living cells, circumventing the conventional protein production
workow. While traditional protocols require growing cells and
expressing and purifying proteins (typically, consuming several
days), CFE can produce proteins within a few hours. Due to the
small size of reactions and volume of reagents used, the costs
are also signicantly decreased. By the same token, CFE
increases the capabilities of parallel processing, and CFE can be
easily integrated with various detection technologiesmentioned
in this review. This exibility opens the possibility of seamless
integration of steps and streamlines the pipeline.
5. Emergent tools for high-
throughput screening/selection of
tomorrow's enzymes

One of the main bottlenecks in establishing high-throughput
systems is that the read-out needs to be converted into a track-
able signal, either colorimetric or uorometric, via product
formation or substrate depletion, thus establishing an indirect
link to monitor catalytic activity,160 as shown in Fig. 2B. In this
section, we explore methodologies and considerations of HTS
and selection tools and related techniques, and how these
methodologies are integrated into screening and selection
workows for enzyme discovery.

In colorimetric assays, enzymes in general produce a colored
compound which can be detected through absorption. Spatial
separation of library members and genotype-phenotype linkage
is achieved using mostly microtiter plates. Employment of
liquid handlers and other robotic platforms can increase the
throughput to 104 variants per experiment.161 Fluorometric
detection is arguably the most widespread method for evalu-
ating the activity of enzymes. Enzyme activity needs to be linked
with the production of a uorescent molecule to track the
performance of the enzyme. There are several well-established
uorescent coupling strategies in the literature that constitute
the basis for any HTS setup.162 A basic and commonly used
method to establish the linkage is through utilization of uo-
rogenic substrates.163 These have been utilized in several
publications to evaluate the activity of enzymes, e.g., oxidore-
ductases and lyases, or in the identication of novel
enzymes.119,163,164 If no direct colorimetric and uorometric
assays are available, the product of the enzyme of interest can be
processed further with enzymes that use the non-uorescent
metabolite of interest and convert it to a uorescent product.
As an alternative, biosensors can also be employed to speed up
screening processes. The non-uorescent metabolite formed as
the result of the enzyme activity can be detected at high speci-
city and sensitivity through a transcription-based, RNA-based,
or DNA-based biosensor. So far, applications with aptamers,
transcription factors, and riboswitches have been successfully
demonstrated. As a response to the metabolite binding, the
biosensor can generate uorescent products that correspond to
the enzyme activity.162 Although indirect measurements are not
very sensitive and usually require conrmation aer initial
screening, they still provide valuable information and allow
faster screening compared to direct selection methods. In the
This journal is © The Royal Society of Chemistry 2026
absence of colorimetric and uorometric assays, however, the
samples need to be processed label-free using analytical
methods, e.g., GC-MS, LC-MS, and HPLC, which hinders the
overall throughput.160
5.1 Conventional setups are accelerated by integrating
liquid handling systems

Liquid manipulation is a practice at the core of research in life
sciences. Utilization of liquid handling systems has expanded
signicantly in the recent years,165 including tools for auto-
mated analysis of growth parameters.166 Conventional work-
ows utilizing 96-, 384- and 1536-well plates have proven
themselves useful for a broad range of applications due to
ensuring physical separation and parallel processing. The
library size that can be effectively screened using conventional
workows is limited to 104 samples.167 However, due to the
reliability of the workow, it is very well suited to experiments
with library size <104. A successful application was reported by
Zhou et al.168 These authors tuned the expression of genes
involved in the (2S)-naringenin synthesis pathway by deter-
mining and overcoming the bottleneck step via HTS.168 They
utilized an iterative high-throughput balancing strategy to
optimize the expression of each gene in the pathway to ensure
the highest production. In their pipeline, promoters with
different strength were randomly introduced upstream of the
pathway genes, and the diversied pathways were cloned into E.
coli. The resulting 4800 strain variants were screened for (2S)-
naringenin and p-coumarate production by assessing uores-
cence and absorbance based on scanning excitation/emission
data acquired using standards of each compound. Iterative
screening cycles isolated the best candidate strain, which
reached 192 mg per L (2S)-naringenin while also producing
29 mg per L p-coumarate. Chalcone synthase was identied as
the rate-limiting step and a target for balancing production
uxes.

Microtiter plate-based setups are still used in most of the
label-free detection approaches. A recent example of high-
throughput analyte detection is reported by Albornoz et al.169

In the article, the authors focused on improving surfactin yield
in Bacillus and achieved 160% improvement by rening the
media formulation. Surfactin is a promising biosurfactant due
to its thermostability and has applications in wide range of
industries. The pipeline includes extensive microtiter plate
experiments where Bacillus cells were grown with combinations
of media formulations. For yield measurements, they developed
a fast method to perform metabolomics analysis of the samples
using ow-injection mass-spectrometry. The method can
analyze a sample in 3 minutes, which allows completion of a 96-
well plate analysis in 5 hours. To assess the yield and design the
next round of experiments, they used iterative cycles of active-
learning algorithm directed media formulations for maximum
production.

Reliable liquid handling systems are in high demand due to
the need to work with reduced volumes and parallel sample
processing for HTS. Downsizing samples and precise liquid
manipulation were made possible by integrating liquid
Nat. Prod. Rep., 2026, 43, 313–334 | 327
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handling devices with microtiter plate operations. In a recent
example, Ahsan et al.170 demonstrated that a combination of
genome-mining, CFE, and liquid handlers could efficiently
screen polyester polyurethane degrading enzymes. The authors
used biolm bioinformatics tools to identify organisms growing
on the metal surface of aircra and trucks. Next, in an example
of use of genome mining tools, they used a colorogenic esterase
probe, 4-nitrophenyl hexanoate (4-NPH), to detect the activity of
putative enzymes at 405 nm. The putative enzymes were then
produced in CFE reactions. Liquid handlers automated the
mixing of CFE reactions, production of enzymes, and addition
of 4-NPH. The absorbance measured at 405 revealed the top
performing enzymes with the highest esterase activity.

Due to the versatility of liquid handling systems, they can be
employed to process samples with any read-out type, whether
colorimetric, uorometric, or analytical. In another example,
Beeman et al.171 utilized liquid handling systems to prepare
a pipeline for high-throughput integrated MALDI-MS analysis
for c-MET kinase assay in a 1536-well assay setup. Although
label-free detection methods are known to be time-consuming,
with the advancement of hardware systems it has become
possible to create an HT label-free detection method. A RapieX
MALDI Pharma Pulse system was employed to attain
a throughput of up to 1 million variants analyzed per week. The
assay principle is based upon phosphorylation of the peptide
substrate, SRCtide, which leads to an 80 Da shi in m/z spec-
trum. Upon phosphorylation, both SRC and p-SRC can be
quantied using the MALDI-MS system to provide insights into
the behavior and the activity of the enzymes tested. Due to
working with such small volumes, it is important to highlight
the speed of the liquid handling system and possible evapora-
tion. Acoustic liquid handling systems are overall faster than
pipettor-based systems. Due to evaporation at such small scales,
the authors reported that utilization of acoustic liquid handler
does not interfere with the reliability of their workow.
5.2 Single cell-based assays using uorescence activated cell
sorting

FACS is a highly advanced, commercialized microuidics
technique that allows rapid evaluation and sorting at single cell
level. The technology possesses by far the greatest processing
speed,172 at up to 105 cells per s, allowing the screening of
a library size of ∼109 clones per experiment.167 FACS has been
utilized in numerous examples of screening extensive libraries
of enzymes,173–177 including hydrolases,178 oxidoreductases,179

transferases,180 and isomerases.141,181 The cellular membrane
provides a natural compartmentalization of single cells, trap-
ping the assay and the output, and linking genotype to pheno-
type.167,172 Tan et al.182 adopted the high-throughput power of
FACS to improve the activity of a fucosyltransferase (FutA). They
developed several substrate derivatives labeled with uorescent
tags for the fucosylation reaction, which enabled FutA variants
to process these substrates and emit a uorescent signal. The
screening process began by diversifying futA through error-
prone PCR to create a library of approximately 4 million colo-
nies. The cells containing this library were then cultured in LB
328 | Nat. Prod. Rep., 2026, 43, 313–334
medium, and gene expression was induced. Aer harvesting,
the cells were treated with fucose for 30 minutes. Subsequently,
the cells were sorted based on their uorescence intensity with
high stringency. From positive sorted cells, the futA gene was
amplied to generate a library for subsequent rounds of
enrichment.
5.3 Droplet-based technologies greatly enhance screening
capabilities for natural products

Despite many successful applications and HTS performance,
applications of commercialized FACS systems are mainly
limited to intracellular reactions. FACS systems are thus unable
to examine secreted enzymes and extracellular metabolites,
which hampers versatile experiment design. Commercialized
FACS on in vitro encapsulation (based on water–oil–water
emulsions) have therefore been conducted to emulate and study
extracellular space. The main problem is that water-in-oil
droplets cannot be sorted with FACS systems because FACS
systems require an aqueous carrier phase. Although water–oil–
water emulsions bring more functionality, working with double
emulsions requires another round of encapsulation and these
emulsions are less durable compared to water-in-oil emul-
sions.183 Water-in-oil droplet-based assays can compensate for
some of the weaknesses of FACS-based assays. Firstly, such
assays are suitable to study extracellular metabolites or
proteins. Secondly, manipulations in the content of reactions
are made possible through pico-injection and droplet merging
technologies. Thirdly, cells can also be co-cultured in the
droplet environment to study relationships between genetically
engineered or natural strains.184–188 Fourthly, FACS is a strictly
uorescent-coupled technique. With the technical advance-
ments in microuidics, droplet microuidics have been applied
to sorting setups based on colorimetric or label-free detection,
which extends analytical capacity beyond the capabilities of
FACS. Additionally, further reduction in volume decreases
consumption of reagents and costs. In a standard workow,
individual cells each carrying DNA variants are encapsulated in
monodispersed droplets. Cells are incubated for varying times
to allow the key reaction to take place and produce the output
metabolite, usually uorescent molecules. Next, the droplets are
sorted according to the output signal. Selected droplets can be
used for downstream analysis or for another round of enrich-
ment until the desired functionalities are met. Debon et al.189

used a similar workow to engineer catalytically superior amine
oxidases that can accept an industrially relevant non-natural
substrate. They used E. coli cells to express a gene library and
encapsulated single cells with the target substrate, lysis reagent,
and reporter cascade. In each droplet, cells are lysed, liberating
amino oxidases and allowing a reaction to create a uorescent
readout. The droplets were sorted three times to ensure the
highest performers were selected with high stringency. As the
result of their screening, they reported a 960-fold increase in
catalytic efficiency compared to the wild-type enzyme.

CFE systems promise an opportunity to further accelerate
the screening process by eliminating plasmid assembly, trans-
formation, and cell-culturing steps, and hence minimizing
This journal is © The Royal Society of Chemistry 2026
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reagent consumption.190,191 In a clever design, Holstein et al.119

used a CFE system to screen a protease library of 1014 variants in
droplets (Fig. 2D), which is not possible in vivo due to trans-
formation efficiency limitations. They encapsulated their DNA
variants with isothermal DNA polymerase and PCR reagents to
achieve DNA variant enrichment in their entirely in vitro setup.
This step accomplished the enrichment of DNA variants in the
droplets of up to 30 000 copies, which ensures sufficient yields
of protein in CFE. The CFE reagents were then pico-injected into
droplets which were incubated for 4 hours for protein produc-
tion to take place. Aer production, the uorogenic casein
substrate was pico-injected and the droplets were again incu-
bated for hydrolytic cleavage, which emits a uorescent signal.
Droplets were then sorted using a uorescence-assisted droplet
sorting device, the higher performers were selected, and a few
selected variants were subjected to conrmatory assays in
microtiter plates to identify a 5-fold better performing variant.

Droplet microuidics systems are more versatile than FACS-
systems because they can integrate with other devices to allow
different readout types, and manipulations can be performed
on the content of droplets. So far, FADS has been integrated and
modied to work with colorimetric assays (absorbance-
activated droplet sorting; AADS) and label-free detection (mass
activated droplet sorting; MADS). A sophisticated example of
absorbance-based detection was reported in Gielen et al.120 As
outlined in Fig. 2E, the authors improved the yields of phenyl-
alanine dehydrogenase (PheDH), which catalyzes the NAD+-
dependent deamination of amino acids. PheDH converts L-
phenylalanine (L-Phe) to phenylpyruvate, which is coupled to
the oxidation of WST-1 to the dye WST-1 formazan. For the
screening setup, two optical bers were placed across a micro-
uidic channel to measure any decrease in transmittance when
a droplet passes through, and hence created a novel
“absorbance-activated droplet sorting” (AADS). Aer validating
the screening setup, the E. coli library harboring PheDH vari-
ants was encapsulated, and the cells were lysed inside the
droplet. Enzyme variants were exposed to the substrate inside
the droplets and, depending on the activity of the variant,
catalyzed the formation of formazan dye. Aer a period of
incubation, droplets with varying levels of formazan dye passed
through the microuidic channel, where absorbance of each
droplet was measured. The authors successfully demonstrated
enrichment of PheDH variants of up to 2800-fold in activity, at
a speed of up to 300 droplets per second. Medcalf et al.192 then
utilized the same target and the same setup with modications
to show increased speed of sorting, achieving 1000 droplets per
second. Although sorting is slower than similar setups with
uorescence read-out, this is still a major advancement over the
throughput of widely used microtiter plates for colorimetric
assays.

Another very promising setup, illustrated in Fig. 2F, has been
published by Holland-Moritz et al.121 These authors designed
a mass spectrometry integrated droplet microuidics-based
setup that can gather information about the unlabeled
content of droplets. In their setup, they integrated electrospray
ionization mass spectrometry (ESI-MS) for analysis of droplet
content and demonstrated the utility of their setup using
This journal is © The Royal Society of Chemistry 2026
a transaminase that converts 1-(imidazo[2,1-b]thiazol-6-yl)
propan-2-amine into 1-(imidazo[2,1-b]thiazol-6-yl)propan-2-
one. Transaminases were expressed in vitro and encapsulated,
and the authors tracked the decrease of the substrate concen-
tration to identify enzymes displaying high activity. Since mass
spectrometry analysis destroys the sample, Holland-Moritz
et al.121 split the droplet in two prior to analysis—one droplet
for analysis and the other for retaining the information. While
a major part of the sample was sent for MS analysis, a small part
was retained in microuidic channels until the analysis is
complete and the decision is made regarding the fate of the
droplet. Although the throughput of the system droplet per
second as well as sufficient product needs to be present to
match the detection limit of MS, the method is very valuable for
gathering information about almost any reaction that takes
place 100-fold faster than standard HPLC/MS measurements.192

The system was improved later at the same laboratory and the
authors demonstrated the utility of the strategy for sorting
lysine overproducer strains at increased sorting speed.122 In this
work, two different E. coli strains were utilized—wild-type and
a derivative carrying DapAE84T, which is an improved variant for
lysine production. The strains were encapsulated in emulsions
and cultured in droplets for growth and lysine production.
Similarly to the workow of Holland-Moritz et al.,121 the droplets
were split in two and positively-sorted droplets were cultured
and sent for validation of mutant genotype.

6. Conclusion

The evolution and engineering of enzymes continues to be
instrumental to advance biotechnology. Over the last decades,
enzymes have been instrumental in addressing a key challenge:
transformation of industries to minimize environmental foot-
prints by using renewable resources and producing less waste.
However, despite the progress made, signicant challenges
remain to be addressed, particularly in the build and test pha-
ses of the DBTL cycle, which are oen labor-intensive and time-
consuming. Moving forward, key developments can help over-
come these challenges. Firstly, the development of more
sophisticated, smarter designs and the integration of advanced
prediction tools driven by ML will probably replace the need for
extensive wet lab experimentation and enable the creation of
smaller libraries with efficient testing pipelines. Furthermore,
there is a need for the continued advancement and adoption of
end-to-end automated pipelines and high-throughput assays,
which have already shown promise in reducing workloads and
accelerating enzyme engineering efforts. The future should see
these systems becoming more robust, widely accessible and
seamlessly integrated into daily laboratory routines, mini-
mizing human intervention and standardizing procedures.
Moreover, innovations in droplet microuidics and CFE
systems represent the next frontier in enzyme screening, and
further renement of these technologies will signicantly
enhance throughput and accuracy. As droplet microuidics
systems continue to be rened, they are poised to become key
tools for processing large libraries of enzyme candidates with
unprecedented speed and precision. These developments have
Nat. Prod. Rep., 2026, 43, 313–334 | 329
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expanded the capabilities of enzyme engineering and will be
vital for a future transition to a sustainable bioeconomy.
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Mart́ın, Metab. Eng., 2021, 63, 34–60.

61 A. Goñi-Moreno and P. I. Nikel, Front. Bioeng. Biotechnol.,
2019, 7, 40.

62 D. Listov, C. A. Goverde, B. E. Correia and S. J. Fleishman,
Nat. Rev. Mol. Cell Biol., 2024, 25, 639–653.

63 B. Markus, G. C. C, K. Andreas, K. Arkadij, L. Stefan,
O. Gustav, S. Elina and S. Radka, ACS Catal., 2023, 13,
14454–14469.

64 L. Chen, Q. Li, K. F. A. Nasif, Y. Xie, B. Deng, S. Niu,
S. Pouriyeh, Z. Dai, J. Chen and C. Y. Xie, Int. J. Mol. Sci.,
2024, 25, 8426.

65 M. Fuxreiter, Curr. Opin. Struct. Biol., 2024, 87, 102834.
66 J. Zhou and M. Huang, Chem. Soc. Rev., 2024, 53, 8202–

8239.
67 A. H. Yeh, C. Norn, Y. Kipnis, D. Tischer, S. J. Pellock,

D. Evans, P. Ma, G. R. Lee, J. Z. Zhang, I. Anishchenko,
B. Coventry, L. Cao, J. Dauparas, S. Halabiya, M. DeWitt,
L. Carter, K. N. Houk and D. Baker, Nature, 2023, 614,
774–780.

68 R. A. Hughes and A. D. Ellington, Cold Spring Harbor
Perspect. Biol., 2017, 9, a023812.

69 N. Tenhaef, R. Stella, J. Frunzke and S. Noack, ACS Synth.
Biol., 2021, 10, 589–599.

70 R. Chao, S. Mishra, T. Si and H. Zhao,Metab. Eng., 2017, 42,
98–108.

71 M. Conejero-Muriel, I. Rodŕıguez-Ruiz, S. Mart́ınez-
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