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Advances in Cell-Free Biosensors: Principle, Mechanism,

and Applications

Liyuan Zhang, Wei Guo,* and Yuan Lu*

Synthetic biology has promoted the development of biosensors as tools for
detecting trace substances. In the past, biosensors based on synthetic biology
have been designed on living cells, but the development of cell biosensors has
been greatly limited by defects such as genetically modified organism problem
and the obstruction of cell membrane. However, the advent of cell-free
synthetic biology addresses these limitations. Biosensors based on the
cell-free protein synthesis system have the advantages of higher safety, higher
sensitivity, and faster response time over cell biosensors, which make cell-free
biosensors have a broader application prospect. This review summarizes the
workflow of various cell-free biosensors, including the identification of
analytes and signal output. The detection range of cell-free biosensors is
greatly enlarged by different recognition mechanisms and output methods. In
addition, the review also discusses the applications of cell-free biosensors in
environmental monitoring and health diagnosis, as well as existing

analysis system. Compared with tradi-
tional instrument-based analytical chem-
istry such as gas chromatography (GC) and
high-performance liquid chromatography
(HPLC), biosensors are less costly, more
specific, faster, easier to operate, capable of
online analysis, real-time identification, and
simultaneous output of results.>~*! So their
usage is more efficient and more conve-
nient. With the advantages of biosensors,
they have been widely used in environmen-
tal detection, food safety inspection, disease
diagnosis, biochemical analysis, and other
fields.[*-¢!

Meanwhile, synthetic biology has pro-
pelled the development of biological
sensors. Synthetic biology has great po-

deficiencies and aspects that should be improved. In the future, through
continuous improvement and optimization, the potential of cell-free
biosensors will be stimulated, and their application fields will be expanded.

1. Introduction

Biosensors are analysis tools that take biological components as
the main functional elements and used for rapid detection of
various trace-level analytes. They generally consist of sensitive
biometric elements, transducers, and signal analysis systems.!!]
The sensitive element (enzyme, antibody, cell, etc.) identifies and
binds the analytes. Then the transducer captures the interaction
between the sensitive material and the analyte and converts the
interaction into an identifiable signal (e.g., electricity signal). The
quantity of the analyte is further calculated through the signal
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tential in the application of biosensors by
designing genetic circuits and logic opera-
tions for biological components, resulting
in a variety of genetic devices and biological
modules.”-?! It has promoted the con-
struction of customized biological function
system, which can finally realize sensors with customized pro-
gramming sensitivity, specificity and dynamic range, and expand
the scope of sensor detection target,!'%1] providing transforma-
tive tools for improving the performance of biosensors.

The design of synthetic biology is mainly dependent on living
cells in recent decades, which leads to the rapid development of
cell biosensors. Cell biosensors can use animal cells, plant cells,
and living microbial cells as basal cells (sensitive biometric ele-
ment). Cells can metabolize a variety of compounds using intra-
cellular enzymes with high stability and activity. Cell biosensors
have a long service life and high reproducibility of experimen-
tal results.!'2] Moreover, the sensitivity and specificity of biosen-
sors can be improved by the introduction of corresponding ge-
netic modules.[*!*] Heavy metals, pesticides, vitamins, and some
macromolecules can be detected using cell biosensors. For ex-
ample, Wang et al."l constructed an Escherichia coli consortium-
based biosensor that can detect and integrate three environmen-
tal signals (arsenic, mercury, and copper ion levels) via either
its native two-component signal transduction pathways or syn-
thetic signaling sensors derived from other bacteria in combina-
tion with a cell-cell communication module. Nevertheless, there
are some shortcomings in cell biosensors that need to be ad-
dressed. Since cell biosensors use live genetically modified or-
ganisms (GMOs), if they are released into the environment, there
are certain unsafe factors.['*] In order to prevent the occurrence
of this situation, it is usually impossible to apply these GMO
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biosensors.[1®!7] Furthermore, the response time of biosensors

is prolonged because some analytes are hard to cross over the
cell membrane, and some analytes may be toxic to living cells.
Therefore, some cell-based biosensors are not suitable for de-
tecting cytotoxic or impermeable membrane analytes such as
organophosphates. They may also be influenced by actual envi-
ronmental samples (e.g., toxic wastewater), as well as their own
physiological and chemical conditions (e.g., temperature and salt
concentration).'8] The above disadvantages lead to significant
limitations for cell biosensors in applications.

However, the emergence of cell-free synthetic biology not
only promotes the construction of cell-free biosensors but also
solves the limitations described above. And the biosensor plat-
form based on cell-free protein synthesis (CFPS) system has been
developed.[') The CFPS system is a mixed system of DNA tem-
plates, transcriptional machinery, translational machinery, the
necessary substrates (including amino acids, energy substrates,
cofactors, and salts), and water.[2021] CFPS system can be divided
into crude extract system and PURE (protein synthesis using re-
combinant elements) system.?’] The main difference between
the two systems is the source of the translational machinery. As
the name implies, one is from the crude extract, and the other
one is from purified components. Compared with the crude ex-
tract system, the PURE system is more stable; however, the cost
is higher, and the yield is also lower.[?223]

The CFPS system and DNA template can be assembled into
a mature cell-free biosensor. CFPS systems perform biological
transcription and translation (IX-TL) in an open environment,
exhibiting a variety of unique functions superior to cellular sys-
tems and laying the foundation for biosensors to introduce more
complex genetic circuits. Due to the uniqueness of cell-free sys-
tems, the cell-free biosensors have the following significant ad-
vantages. 1) Security: GMOs will not be released, and there is no
biosafety problem.?*1 2) Toxicity/chemical tolerance: The sys-
tem can operate in the presence of toxins.[?%! 3) Stability: Cell-free
systems have high long-term storage stability by the freeze-drying
technology.[?’] 4) Sensitivity: The limit of detection can reach the
nanomolar level.[2#2] 5) Response time: The tested materials can
react directly with the sensors in a cell-free environment to gener-
ate signals more quickly.[*! 6) Robustness: Cell-free system can
keep its structure and function stable when it is disturbed by un-
certain factors.[*) 7) Selectivity: Interference of other signals can
be attenuated by the biosensor element selectivity.[?! The follow-
ing contents focus on the design principle and workflow of cell-
free biosensors, as well as the development of cell-free biosensors
in environmental monitoring and biomedical applications.

2. Principle and Workflow of Cell-Free Biosensors

The design principle of most cell-free biosensors is to select the
appropriate recognition mechanism and reporter gene based on
the analytes, and then clone the encoded gene into the cell-free
expression vector. Furthermore, the mature cell-free biosensors
were constructed by using appropriate cell-free protein synthe-
sis system and the coding template DNA. Cell-free biosensors
can detect a variety of analytes, including metal ions, quorum-
sensing molecules, antibiotics, viruses, and other substances
such as amino acids (Table 1).
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The workflow of cell-free biosensor (Figure 1) can be divided
into two parts, the recognition and response of analytes by
specific identification mechanisms, and the output of read-
able signals through reporter gene expression. First, accurate
recognition of analytes is the key to cell-free biosensors. When
analytes are added to the cell-free system, the sensor’s recogni-
tion mechanism is regulated by specific molecular structure and
binding.5”%8] Second, the downstream reporter gene is activated
to be transcribed and translated into reporter proteins in a
cell-free system. According to the presentation mode of different
reporting proteins, besides the widely used optical signal, the
detection results also can be output by electrochemical signals.
For example, nanoscale microelectrodes can be used in cell-free
solutions to recognize specific DNA sequences and output
electrochemical signals.[3+4752]

2.1. Recognition-Response Mechanisms

With the emergence of various analytes, the application of tra-
ditional sensor recognition mechanisms has been limited, such
as the lack of high selectivity of enzymes and antibodies, which
has led to developing diversified molecular structures as recog-
nition elements. The following contents mainly introduce the
recognition mechanism of cell-free biosensors based on different
molecular structures, including transcription factors, CRISPR-
Cas (clustered regularly interspaced short palindromic repeats
associated), toehold switches, and adaptors.[>!

2.1.1. Transcription Factor Activation/Repression

A transcription factor (TF) is a protein molecule with a spe-
cific structure that binds to a specific gene and regulates gene
expression at a specific intensity at a specific time and place.
Therefore, the sensitivity and specificity of TFs can be used to
design the sensor as a recognition element. TF-based cell-free
biosensors have been used to identify specific small molecules,
such as inorganic ions and organic molecules (bacterial quorum
sensing molecules), and they are also used in high-throughput
screening and metabolic engineering.[*#061l Specific TFs or
natural conformational TFs are selected by different analytes,
such as TF in response to aromatic compounds (XylS-AraC,
XylR-NtrC, and LysR), metal ions (MerR, ArsR, DixR, Fur, and
NikR), or antibiotics (TetR and MarR).[®?l When analytes (lig-
ands) are present in a cell-free environment, the response of TFs
is immediately obtained, and binding of ligands to their activated
TFs or the release of ligand-bound inhibitory TFs can lead to
the reporter gene expression (Figure 2A). For unknown ligands,
they can be converted into detectable ligands by using metabolic
enzymes.[!848]

To avoid the reaction of TFs to substances other than detection
targets, TFs with enhanced specificity and sensitivity should be
further expanded. Alternatively, a directed evolutionary strat-
egy can be used to screen and select specific TFs.[®*] Not all
analytes can be identified due to the known limitations of TFs.
There are other recognition mechanisms that can be used to
identify.[6465]
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Cell-free biosen- Sensing elements Output Limit of Optimization methods Institution Reference
sors(Analytes) elements detection (LOD)
Metal Mercury MerR sfGFP 6pg L' Temperature Bielefeld University 31
ions 5-UTR
RraA inhibitor protein
Mercury MerR LucFF 1 ppb pH Jawaharlal Nehru 132]
EmGFP Chelating agent University
Mercury MerR LucFF — Regulatory component concentrations  University of Turku 133]
Mercury MerR GFP 1.0 nm Reporter gene University of 134]
mScarlet-l Edinburgh
LacZ
Nanoluc
Mercury MerR GFP 1078 nm Cell extract Tsinghua University 129]
Arsenic ArsR 661 nm Mg?* concentration
Promoter
RBS
Zinc SmtB sfGFP 10 pm Transcription factors Northwestern 133]
Copper CsoR 10 pm University
Cadmium CadC 10 ym
Lead 51.8 uym
Quorum sensing  3-oxo-C¢-HSL LuxR NanoLuc 4.0 nm Reporter gene University of 134]
molecules mScarlet-| Edinburgh
GFP
Lacz
Ce-HSL ScrbR eGFP 4-80 pum Protein concentration Seoul National (36]
Cg-HSL University
3-ox0-Cg-HSL
VB-C
SCB1
Cg-HSL TraR Lacz 100 nm Beta-Glo substrate University of South 1371
Incubation time Carolina
pH
3-0x0-Cyp-HSL LuxR GFP 54.9 nm Cell extract Tsinghua University 1291
pC-HSL RpaR 8.9 nm Mg?* concentration
Promoter
RBS
3-0x0-Cy,-HSL LasRV sfGFP 4.9 nm Cell-free system Imperial College 138,39]
Sample extraction London
3-0x0-Cq,-HSL LasR GFP — Droplet microfluidics University of 140]
California at San
Francisco and
California
Antibiotics Tetracycline OtrR sfGFP — Transcription factors Northwestern 133]
CtcS University
MphR
Aminoglycosides  f-GAL Lacz 0.5mgmL™"  Colorimetric substrate CPRG Osaka University 41
Tetracycline 2.1 mgmL™! Temperature
Chloramphenicol 0.8 mg mL™! pH
Macrolides 6.1mgmL™!
Aminoglycosides T3 RNAP NanoLuc — Recombinant RNase inhibitor Osaka University 142]
Technetium TetR LucFF 10 ng mL™! Regulatory protein University of Turku 133]
TF concentration
Nucleic acid Zika virus Toehold LacZ 1fm NASBA Cambridge 143]
switch
Norovirus Toehold LacZ 270 zm a-complementary Arizona State [44]
switch University
(Continued)
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Table 1. Continued.

Cell-free biosen- Sensing elements Output Limit of Optimization methods Institution Reference
sors (Analytes) elements detection (LOD)
Ebola virus Toehold Lacz 30 nm Short RNA triggers Harvard University 145]
switch
microRNAs Spinach 4-hydroxy 3 pm T7 promoter Hunan University 146]
RNA aptamer benzlidene
imidazoli-
none
Antibiotic resistance TetO Electrochemical 1fm NASBA University of 147]
genes Toehold switch signal Toronto
Other Atrazine AtzR sfGFP 20 pm Extract ratio Northwestern 148]
environmental Modularization University
contaminants
Fluoride crcB sfGFP 50 pm Mg+ Northwestern 149]
riboswitch Catechol (2,3)- DNA concentration University
dioxygenase Reporter genes
Diacetyl Nematode olfactory Electrolyte — 0.01nm Detergent, Brij58t Zhejiang University 128]
receptor ODR-10 insulator
semiconduc-
tor (EIS)
sensors
Cyanuric acid (CYA) AtzR sfGFP 1pm Promoter University of 150]
Plasmid concentration Wisconsin
Metabolite/ BPA Human estrogen ~ GFP 330 nm RNAse inhibitors Brigham Young 51
Biproduct E2 receptor f (hERp) 26 nm University
DPN 9 nm
Benzoic acid BenR GFP 21702.8 Cell extract Tsinghua University 129]
nm Mg?* concentration
Promoter
RBS
Benzoic acid BenR sfGFP 1pm Synthetic metabolic cascades University of 152]
Hippuric acid DNA concentration Montpellier
Cocaine
Salicylate SAR2349 sfGFP ~UM Transcription factors Northwestern 135]
Benzalkonium QacR UM University
chloride HucR 300 pm
Uric acid
Amino acids CFPS sfGFP 100 nm Gene knockout Chungnam National ~ [53]
component PURE system University
Amino acids CFPS Electrons 0.1-1.5 pm Heat-treated FBS Chungnam National ~ [54
component (PGM) University
D-psicose psiR sfGFP — Addition sequence Universite 119
Dosage Paris-Saclay
Thrombin DNA aptamer GFP — Aptamers position University of 53]
Tennessee
Alpha-fetoprotein  Antibody FlLuc 7 fm Cell extracts Chungnam National ~ [56]
(ELISA) University

2.1.2. Toehold Switch and CRISPR-Cas Recognition switch or a trigger. The toehold switch sensor controls the trans-
lation of genes by triggering the binding of RNA through a trans
effect. The switch contains a salient loop structure-forming in
the upstream of the gene, which blocks gene translation in cis
by blocking the ribosome binding site (RBS).[°¢! After binding to

the complementary trigger RNA, the sequestration is released,

Cell-free biosensors based on toehold switch and CRISPR-Cas are
mainly designed to detect genomic DNA or viral RNA of some
pathogens. The toehold switch system is a programmable ribo-
some regulator, and it consists of two strands of RNA, called a
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Figure 1. The workflow of cell-free biosensors. The analyte is identified by the specific recognition mechanism of the cell-free biosensor. Then, the
downstream reporter gene is activated to be transcribed and translated into reporter proteins in a cell-free system.

and the gene translation is activated.[°®] The target nucleic acid is
used as a trigger RNA to activate the expression of the reporter
gene in cell-free system.[*’] Finally, the detection of the target can
be determined directly by the expression of the reporter gene.
The cell-free biosensors based on CRISPR-Cas mainly rely on
the cut principle of CRISPR-Cas to identify targets. CFPS sys-
tem can express many kinds of active CRISPR machinery from
plasmids or linear DNAs, and it can further output quantita-
tive dynamics of gene cleavage or repression without the pro-
tein purification.l®”] According to different Cas effectors (Cas9,
Cas12a, and Cas13a), CRISPR biosensor systems have different
shear cleavage principles.[®®! For example, the CRISPR-Cas13a
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system can detect analytes that can directly cleave captured
targets using the Cas13-crRNA complex,!®! and then the lat-
eral cracks of the complex are activated to cleave nearby non-
targeted RNA (quenched fluorescent RNA).[”%l As a reporter, the
quenched fluorescent RNA is cleaved and displays a fluorescence
signal to respond to the results.

In addition, toehold switch and CRISPR-Cas can coopet-
ate to detect analytes. For example, Pardee et al.l**] identified
two strains by NASBA-CRISPR/Cas9 (NASBA, nuclear acid
sequence-based amplification) cleavage method (Figure 2B).
The nucleic acid sequence of a strain can be used as the target
sequence. With the participation of reverse transcriptase and
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Figure 2. Recognition-response mechanisms of cell-free biosensor systems. A) After the ligand is identified, reporter genes can be activated by binding
activated transcription factors or releasing inhibitory transcription factors. Unknown ligands can be converted into detectable ligands by using metabolic
enzymes before the identification. B) Cell-free biosensors use NASBA-CRISPR/Cas9 cleavage system to identify different strains of virus. C) Nucleic acid
ligands are used to identify thrombin. When thrombin is absent, the reporter protein is successfully expressed, but the translation is blocked in the
presence of thrombin. D) When samples containing amino acids are added, incomplete CFPS is activated, leading to successful expression of the
reporter protein.
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T7 RNA polymerase, the proto-spacer adjacent motifs (PAM)
and trigger sequence (lacZ trigger) can be introduced in target
sequence by isothermal amplification.”!] Cas endonuclease is
mediated by sgRNA to recognize the PAM of the target sequence
for fixed-point cutting. The uncut sequence contains the trigger
RNA, which can be detected by the paper-based toehold switch
sensor and finally identified as the strain type by the color
change.l”?]

Nevertheless, there are some challenges to this method. The
isothermal amplification process is susceptible to contamination,
which could lead to off-target products and false positives. How-
ever, this phenomenon can be minimized by using sequentially
specific fulcrum switch sensors, and CRISPR-Cas mediated am-
plification of downstream selection.”3] Multiplexing for CRISPR-
Cas systems is also a considerable challenge.l”*73]

2.1.3. Aptamer Recognition

Due to its small size, high stability, high affinity, and high speci-
ficity, aptamers can not only separate and combine with any se-
lected molecule (including metal ions, small molecules, peptides,
proteins, and even materials surfaces) but also can be easily mod-
ified in any position.”*””] Therefore, they are suitable for use as
recognition elements of sensors. Aptamers are single-stranded
DNA or RNA molecules, most of which are obtained by a combi-
natorial biology technique called SELEX (systematic evolution of
ligands by exponential enrichment).[”®! In the cell-free environ-
ment, the single-stranded region of the aptamer is easily regu-
lated by phage polymerase, which regulates the transcription and
translation of the aptamer sequence through the T7 promoter.
For example, Iyer et al. used nucleic acid aptamers to identify
thrombin. They inserted thrombin-bound ssDNA aptamers in
the downstream of the T7 promoter, creating a “bubble" struc-
ture downstream that binds to the aptamers in the presence of
thrombin, blocking transcription of the T7 RNA polymerase (Fig-
ure 2C). Finally, the presence of thrombin can be detected by the
expression of the reporter gene.>>7”]

Although this method has high stability and specificity, its sen-
sitivity needs to be further improved. In addition, the identifi-
cation mechanism lacks high-quality aptamers for clinically im-
portant targets in medical applications. The aptamer technology
must be extensively tested in clinical sample substrates to estab-
lish the reliability and accuracy.

2.1.4. CFPS Component Identification

In addition to the recognition mechanism mentioned above,
there is another recognition mechanism that utilizes the cell-
free translation system. So far, this mechanism has only been
applied to amino acid detection. The design of a cell-free sys-
tem selectively removes a specific amino acid, and it then adds
the sample, which contains missing components from the sys-
tem, such as amino acids in the patient’s plasma sample.[® (Fig-
ure 2D) Aminoacyl-tRNA synthase can be used as a recogni-
tion element to identify the amino acid in the sample and then
produce aminoacyl tRNA. After the CFPS system is complete,
the translation machinery is activated to produce protein output.
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Jang et al.®3] used this principle to design cell-free biosensors to
detect amino acids. This cell-free biosensor not only can accu-
rately detect the amino acid content in the sample but also has a
high sensitivity.

In addition to using the recognition mechanism of the cell-
free translation system, most of the recognition mechanisms are
encoded in the genetic circuit and then added to the cell-free hy-
brid system for characterization. Cell-free synthetic biology can
use genetic circuits to achieve complex regulation. For example,
a series of E. coli promoters and transcriptional activators can
cascade and combine to produce arbitrarily complex sensors for
regulatory functions. Therefore, cell-free biosensors with multi-
ple recognition mechanisms can be designed to detect analytes.
This extends the types, levels, and ranges of target analytes to be
detected.

2.2. Signal Output

The signal of cell-free biosensors is mainly output in the form
of optical or electrochemical signals. Here, optical reporters can
be summarized into three categories, including fluorescent (gfp,
deGFP, rfp, mScarlet), colorimetric (lacZ), and bioluminescent
(lux, luc, NanoLuc) reporters.3*31l After the identification, the
downstream reporter gene is activated and expressed in the cell-
free system. Various output methods are available for monitoring
the proteins expressed by the reporter genes, including fluores-
cence, luminescence, visible color changes, etc.

The most common method is to report the fluorescence of pro-
teins based on GFP, which is a simple, convenient and intuitive
signal output method in laboratory operation, and it does not re-
quire reaction substrates (Figure 3A). GFP expressed by the cell-
free system could not glow by itself, and the fluorescence only
can be generated by the light excitation. Therefore, the fluores-
cence output representing the gene expression level needs to be
measured by means of absorbance detection.*!l However, the ob-
vious disadvantage of GFP is that the background signal is high,
which makes the sensitivity of GFP low.

In addition, the signal can be output by the luciferase gene
(lux/luc) (Figure 3B).3% The luciferase experiment is extremely
sensitive. It has no signal background and has a wide linear range
(up to 7-8 orders of magnitude). Luciferase needs to be mixed
with luciferin and other required chemicals to produce fluores-
cence. Generally, luciferase assay reagent is added to the test sys-
tem, and the luciferase level is measured in the plate reader after
the reactant mixing. Moreover, the application of luciferase also
has certain limitations, such as short half-life, poor repeatability,
and certain requirements on oxygen.

Enzymes catalyze substrate molecules that can produce strong
exponential signals than fluorescent proteins. f-galactosidase
(B-gal) can lyse synthetic substrates, resulting in color changes,
fluorescence, or chemiluminescence, which allows the output of
LacZ-based sensors to be adjusted for different conditions. How-
ever, f-gal has some dependence on the substrate. The colori-
metric method based on the enzyme activity of f-gal can directly
observe the color changes with the naked eye, and the substrates
detected by colorimetric method include O-nitrophenyl-d-pyrine
galactoside, 5-bromo-4-chloro-3-indolyl-g-D-galactopyranoside
(X-gal), and 4-Nitrophenyl N,N’-diacetyl-8-D-chitobioside, and so
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Figure 3. Signal output of cell-free biosensor systems. A) The reporter gene gfp is expressed in the CFPS system and output in the form of optical signal.
B) The reporter gene luc is expressed in the CFPS system and output in the form of optical signal. C) The reporter gene lacZ is expressed in a paper-based
cell-free system, and the color change on the measured paper can be easily detected by the naked eye. D) The biosensor based on the cell-free genetic
circuit captures the analyte through the nanostructured microelectrode to generate the electrochemical signal output.

on.3**%1] Thig signal output method is suitable for paper-based
cell-free biosensors (Figure 3C). Lopreside et al.3* analyzed
multiple gene reporters and concluded that deGFP may be a
more reliable reporter gene for regular cell-free biosensors,
because it worked well for both mercury and quorum-sensing
molecular sensors. Therefore, the sensor design can select
the appropriate cell-free system and output reporter protein to
improve the sensitivity and the detection speed of the sensor.

Except for the optical signal output, cell-free biosensors can
also be output by electrochemical measurement. A variety of ma-
terial electrodes combined with cell-free system and electrochem-
ical signals can be generated, while the electrodes can capture the
target. Capacitance-voltage and constant-capacitance measure-
ments are employed to monitor the capacitance changes induced
by surface modification steps for sensor preparation as well as in-
teractions between receptor and its ligands.[®?] Mousavi et al.[*]
designed an extensible reporter enzyme system, in which a sen-
sor based on a cell-free gene circuit cleaves specific DNA se-
quences in cell-free system solution, generating electrochemical
signals when the newly released strands are trapped on the sur-
face of nanostructured microelectrodes (Figure 3D). This method
is in sharp contrast to the traditional optical reporter, which not
only has limited multiplexing ability but also has a dependence
on ventilation and reduced sensitivity in turbid solutions.!*#3]
These limitations can be overcome by electrochemical measure-
ments. The electrochemical system will enable the multiplex-
ing of gene-based circuits for portable detection and will facil-
itate the development of electronic devices related to synthetic
biology.

Some researchers have developed specific cell-free biosensors
with more direct signal outputs. For example, Jang et al.[>*! de-
signed a strategy to interface the molecular process of protein
biosynthesis with the sensing mechanism of a personal glucose
meter (PGM) to assay amino acids. The synthetic invertase con-
vert sucrose into glucose, and PGM is used to detect electrons
generated during the oxidation of glucose into gluconolactone by
glucose oxidase.

Biotechnol. J. 2020, 15, 2000187

2000187 (8 of 14)

3. Improvement of Cell-Free Biosensors in Practical
Application

To keep up with the development of practical applications, the
cell-free biosensor is required to be more portable, stable, and
cost-efficient. These requirements have led to continuous im-
provement of cell-free biosensors. Generally, cell-free biosensor
reagents are often refrigerated or frozen during storage or trans-
portation. This method of storage is not convenient, which may
hinder the field deployment. Therefore, researchers developed
the lyophilization technology to improve the storage stability of
cell-free biosensors.**#* The cell-free system ensures that it re-
mains active after lyophilization and does not adversely affect
the efficiency. By freeze-drying, the cold-chain storage problems
can be overcome to stabilize the long-term and high-temperature
storage of the cell extract, which can last up to 3 months to a year
and reduce the necessary storage space.”5] Moreover, the sta-
bility of cell-free biosensors can be improved in other ways. For
example, components can be encapsulated in the liposomes.!8¢]
or polymer substrates to maintain the system stability.**]

However, there are still some disadvantages of the cell-free
freeze-drying platform. For example, the system needs to be
stored in inert gas and silica gel desiccation packages, ! and the
activity of cell-free system decreases after freeze-drying. To solve
these problems, some researchers have developed methods. For
example, Karig et al.[¥’] investigated using the non-reducing dis-
accharide trehalose to protect cell-free system components dur-
ing oven drying. This method can not only stabilize the system
activity but also greatly improve the storage temperature of the
system.

To facilitate the field monitoring, biosensors need to improve
the portability. Cell-free systems can be freeze-dried with appro-
priate supports (e.g., microtubules and microporous plates). Be-
yond that, the cell-free system also can be introduced onto a cheap
matrix simple paper,[*! where the freeze-drying and rehydration
can reduce the chance of contamination and false positives. Be-
cause of the small size of the freeze-dried reagent required for
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the paper-based cell-free biosensor, this greatly reduces the cost
and facilitates the field testing. Some researchers have devel-
oped a two-filter system suitable for use with a smartphone that
can output results digitally through the phone, which is more
convenient.3! Jang et al.l’*! connected the sensor directly to the
personal glucose meter, using mobile technology to facilitate the
outputreading for end users. These methods provide a more con-
venient way for site investigation.

Furthermore, due to the influence of many factors (e.g., site,
operator, preparation of cell extracts, and preparation of auxiliary
reagents),8® cell-free systems prepared in different batches may
be slightly different. In order to improve the stability and stan-
dards of cell-free biosensors, several approaches can be taken to
reduce the batch-to-batch variation of the crude extract-based cell-
free system. There are a few ways to reduce variability, including
optimized extract preparation, fully solubilizing the master mix
components, further purification of template DNA, large batch
preparation and automatic preparation, and so on.!289-%1 In ad-
dition, PURE systems can be developed to improve sensor stan-
dards. The PURE system for cell-free protein synthesis reduces
the level of contaminated proteases, nucleases and phosphatases,
and provides a more precise method of preparation, a higher
reproducibility and better flexibility of the modular system. Be-
cause there is no metabolic side effect of amino acid library like
in crude extract-based cell-free system, the PURE system is more
stable.[?*]

The PURE system has been commercialized to make them
available for a variety of applications, with strict quality control.
However, the commercial PURE system is expensive, and the
production cost of the PURE system is very high, so the general
sensor design still uses the crude extract system. Therefore, in
order to standardize the cell-free biosensors, more time and en-
ergy should be spent on the development of the PURE system
to improve the efficiency and reduce the cost. At present, some
researchers have developed a cheaper way to produce the OnePot
PURE system.[”?] In the future, this method can be used to study
and extend new applications to save costs.

Some researchers have also made much progress in improv-
ing the sensing response of cell-free biosensors. First, different
reporter genes have different detection efficiency. Therefore, a
suitable output reporter protein needs to be selected to improve
the sensitivity and speed of the sensor.?*l Second, optimizing
transcription factor concentration can reduce the LOD of the
sensor.l”! Third, selecting the appropriate promoter, RBS, and
degradation tags can reduce the expression and improve the dy-
namic range of the cell-free biosensors to improve the response
of them.l’! Finally, Pandi et al.'! optimized cell-free biosensors
to monitor enzymatic production by applying a TF-doped extract,
using a preincubation strategy with the TF plasmid, or reactivat-
ing two-step cell-free reaction.

In addition, based on the broad promise of cell-free biosensors,
they could use synthetic biology tools that have been demon-
strated on cell-based biosensors to improve their sensitivity
and selectivity, and extend their function.*! Modular and tun-
able genetic amplifiers can be introduced into the sensor. These
powerful amplifiers can be incorporated into a variety of gene reg-
ulatory networks and can be used to improve the sensitivity and
output dynamic range of transcription-based biosensors.[**%]
Sensors can also use genetic circuits such as AND and NOT
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logic gates®! to modulate and integrate multiple input signals
to detect multiple environmental signals simultaneously."* In
the future, with the introduction of these tools, the application
range of the cell-free biosensor will be more and more widely.

Cell-free synthetic biology methods have been applied to the
production of biomaterials, including biopolymers, cellulose ma-
terials, and nanoparticles.””! For example, P-gel has been used
to produce a set of model proteins, including green fluorescent
protein (GFP).®®l These cell-free smart materials offer greater
flexibility beyond their use in the laboratory and in the field.
By applying more intelligent and functionalized biomaterials to
cell-free biosensors, more categories of cell-free biosensors will
be developed in the future.

4. Applications

At present, we are all faced with the situation of frequent
environmental pollution and human diseases. Some kinds of
environmental pollutants and diseases (e.g., heavy metals,!]
cancer,'% and Coronavirus disease 201911)) seriously threaten
the living environment and health of human beings. To detect
these hazards more quickly and accurately, biosensors with low
cost and high efficiency are urgently needed. In this context, cell-
free biosensors have made remarkable achievements in the rapid
detection of environmental pollutants and disease pathogens
(Figure 4).

4.1. Environmental Detection

Many chemical pollutants exist in the environment, which pose
some serious threats because they are invisible or hard to spot.
The most common harmful substances are heavy metals, such
as arsenic and mercury,®! as well as toxic small molecules and
antibiotics.?>% The environmental protection agency (EPA)
stipulates that some harmful pollutants cannot exceed a certain
level in the environment, so it is necessary to test the present
level of these substances in the environment. A number of cell-
free biosensors have been developed and designed to detect the
presence or content of hazardous substances in environmental
samples.

When inorganic heavy metals enter the body from the envi-
ronment, they accumulate in certain organs of the body, cause
chronic poisoning, and harm health. Researchers have designed
a number of cell-free biosensors for detecting heavy metals. For
example, a paper-based mercury biosensor was designed by the
iGEM team Peking 2010.%] By adjusting the plasmid concentra-
tions and adding new translation enhancement sequences to op-
timize the cell-free mercury sensor, it increased the yield of the
CFPS reaction and enabled accurate quantification of the ana-
lytes. It can detect 6 pg L~! of mercury concentration. The paper-
based cell-free biosensor has a low cost and is convenient for de-
tection. In addition, the team built a 3D-printed box that can be
connected to a phone for real-time readings, extending the detec-
tion platform to real-time applications.

There are also some cell-free biosensors designed to detect
toxic organic molecules. For instance, Alam et al.*®! developed a
cell-free biosensor platform, a ligand-induced activated RNA out-
put sensor (ROSALIND, RNA output sensors activated by ligand

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Biotechnology
" Journal

www.advancedsciencenews.com

Environmental Monitoring

o 1

Effluent
Sample

Metal lons

' &
___________________________________ é

Blood
Sample

Antibiotics

Carcinogens

www.biotechnology-journal.com

a Medical Diagnosis

F

%
T
"
/WWW

/

4

Urine

Pathogens
Sample

Samples

¥4

Cell-free Biosensors

— > =

Online Signal Output

Figure 4. The applications of cell-free biosensors. Cell-free biosensors can quickly and efficiently detect environmental pollutants and human diseases,
including heavy metals, antibiotics, pathogens, and even clinical samples such as blood and urine. The output signals are detected by enzyme markers

and other instruments, and the data are obtained online for analysis.

induction), which uses a variety of TFs to detect harmful pollu-
tants in water samples, such as toxic PPCP (pharmaceutical and
personal care product) compounds (salicylate, benzalkonium
chloride, and uric acid). However, when testing non-laboratory
samples (e.g., drinking water and lake water), the sensitivity
of the sensor may be reduced due to the interference of the
molecular components in the samples. Therefore, the matrix
effect of these test samples (e.g., environmental water samples)
needs to be further explored in future work.

Pesticides are also a potential hazard to the environment. If
they enter the human body from the environment, they will cause
harm to human health.['] Silverma et al.[*8! developed a cell-free
biosensor to detect the herbicide atrazine. They combined that
CYA (cyanuric acid) cell-free sensor with a reconstituted cell-free
metabolic pathway that converts atrazine to CYA through three
steps in a one-pot reaction. Using a modular approach, the sensor
can be capable of identifying high concentrations of Atrazine (10-
100 pym). The combined metabolism and biosensing strategy will
be applicable for the rapid cell-free detection of pesticides and
other water contaminants, as well as environmental biomarkers
and human performance analytes.

The presence of antibiotics in the environment is harmful
to the ecological balance and human health. Therefore, its
presence in the environment needs to be monitored in a timely
manner. Duyen et al.*!l have developed a simple biological
sensor based on colorimetric paper. The detection limits of
paramycin, tetracycline, erythromycin, and chloramphenicol
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were further estimated to be 0.5, 2.1, 0.8, and 6.1 pg mL™".
However, this sensor is not specific. It directly inhibits bacte-
rial protein synthesis through antibiotics, so that any factors
affecting TX-TL will affect its accuracy. So this kind of sensor
needs further improvement. Pellinen et al.*3! designed another
cell-free biosensor for the detection of tetracycline hydrochloride
(Tc-HCI). Tc-HCI has been detected at concentrations below
10 ng mL™'. The maximum residue limit for Tc-HCl in EU milk
samples is 100 ng mL™!, and the limit for Tc-HCl in commercial
microbial inhibition tests is 30 to 500 ng mL™'. It can be seen
that the detection limit of cell-free biosensors can reach the ppb
level, which has reached the environmental standard level for
the detection of some pollutants. The test results can be used
to judge whether the samples under test meet the standards
or not. Although the sensitivity of current cell-free biosensors
can reach a certain level, some substances with lower detection
limits still exist or will appear in the future, which requires us to
continuously improve and optimize the cell-free biosensors.

These examples demonstrate that cell-free biosensors have
been successfully applied to the detection of toxic substances
in the environment. Due to its low detection limit and fast
and convenient characteristics, cell-free biosensors can quickly
detect pollutants, determine the safety limit of analysis sam-
ples, and timely monitor the environment for timely preven-
tion or repair. Through the continuous optimization of cell-
free biosensors, it has a broad prospect in environmental
monitoring.
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4.2. Clinical Biomedical Applications

Because of the high sensitivity and fast response time of cell-free
biosensors, they can quickly judge the diagnosis result, which
occupies an important position in biomedicine. The existing
cell-free biosensors mainly focus on the detection of clinically
relevant carcinogens, bacteria, and pathogens (e.g., endocrine-
disrupting chemicals (EDCs), amino acids (AAs) and N-acyl hy-
perserine lactone (AHL)).[373852.103] Thege sensors can be used to
screen pathogens that can be detected in blood, urine, and spu-
tum samples from clinical patients.

The well-known chemicals called endocrine-disrupting chem-
icals (EDCs),PV1% widely exist in the environment, food, and
personal care products. Exposure to EDCs can lead to acute and
chronic diseases, including cancer and diabetes. Salehi et al.l'%]
designed a hERp-CFPS (human estrogen receptor f, hERp)
biosensor to detect endocrine xenoestrogens (XEs, one kind of
the EDCs) in human blood and urine. Because these test sam-
ples (blood, urine, and sputum samples from clinical patients)
are complex, they can interfere with the cell-free system to a cer-
tain degree and may alter the delicate calibration of protein syn-
thesis reactions, making the test process less smooth. In order to
solve this problem, some measurements can be taken to pretreat
the sample. They added RNA enzyme inhibitors to the samples,
which can reduce the impact of urine or blood samples on the
CFPS system. This can simplify the detection process, which can
be used for more complex analytes and expand the application
range of cell-free biosensors.

The virus is rapidly pathogenic, and some are highly infec-
tious. The severity of the virus infection and its unknown com-
plications make timely diagnosis of the virus critical to the hu-
man health, which also can limit the rapid spread of the virus.
In this context, some cell-free biosensors are designed to de-
tect viruses. Pardee et al.[*}] developed a rapid diagnostic cell-free
biosensor based on a toehold switch to detect Zika virus from the
plasma of a viremic macaque. They further improved the sensi-
tivity of the sensor by isothermal amplification. By the NASBA-
CRISPR Cleavage Assay, the sensor can distinguish between dif-
ferent strains (Zika virus and dengue virus). Cell-free biosensors
can also be used to detect other viruses, such as Ebola virus,!*’]
Norovirus,!*! and novel coronavirus SARS-CoV-2.[1%! In a word,
cell-free biosensors can detect not only the presence or absence
of a single virus but also different types of viruses.[*}]

The content of amino acids also has a great impact on human
health. The lack of amino acids can lead to abnormal physiologi-
cal functions, affect the normal progress of antibody metabolism,
and lead to diseases. It can be used as an early detection method
for several types of cancer.['?”:1%8] Jang et al.535*] designed a CFPS
biosensor to detect amino acids in fetal bovine serum (FBS) sam-
ples. The amino acid content was successfully detected, and the
detection limit was less than 100 nm. However, the types of amino
acids detected by cell-free sensors based on crude extracts are
limited, so they suggested using the PURE system for cell-free
biosensors. It can detect more kinds of amino acids (Asp, Asn,
Glu, and Gln) than the crude extract system, and the detection
threshold is lower.[1%]

Quorum sensing (QS),I"'' is one system employed by many
bacterial species, including Pseudomonas aeruginosa, to regulate
cooperative and pathogenic behaviors. P. aeruginosa, a Gram-

[110]
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negative bacterium, is the dominant pathogen affecting persons
with Cystic fibrosis by their late teens."'!] QS molecules can be
used as an indicator of patient detection. Wen et al.*8! designed
a modular DNA-encoded biosensor in cell-free protein expres-
sion systems can be used to measure a bacterial sputum sam-
ples. By optimizing the cell-free system and sample extraction,
they demonstrate that the quorum-sensing molecule 3-oxo-C12-
HSL (AHL) in sputum samples from cystic fibrosis lungs can
be quantitatively measured at nanomolar levels using cell-free
biosensor system.®”] Their experiments demonstrated that mod-
ular cell-free biosensors could rapidly and cheaply detect clini-
cally relevant patient samples associated with infection status.

These examples show that cell-free biosensors have signifi-
cant advantages in medical diagnosis and clinical sample testing.
They can be used for early detection of disease and also can re-
spond quickly to virus outbreaks or the occurrence of genetic vari-
ations and mutations to help monitor the spread of disease. The
achievements of cell-free biosensors in environmental detection
and medical diagnosis are remarkable, however, there is some lag
in commercial applications of cell-free biosensors, which will be
the focus of future development.

5. Conclusion

The cell-free system with unique advantages provides a novel de-
sign platform for the development of biosensors. Considering the
openness and rapid prototyping capability of CFPS, the CFPS sys-
tem can open up more design space for the construction and opti-
mization of biosensors and genetic circuits. Cell-free biosensors
based on TF, RNA, and toehold switch can reduce the number
of cycles required to design and help build complex genetic net-
works. CFPS system can also be integrated with mathematical
modeling and high technologies (e.g., automation and microflu-
idics) to unlock the potential of cell-free biosensors.['!?]

In the practical applications of cell-free biosensors, the
lyophilization technology based on the portable paper platform
can maintain the stability of the system, which promotes its
portable use and reduces the cost. However, there are still many
challenges to be addressed. The decline of the activity after the
storage is a problem that needs to be further improved. To im-
prove in situ detection, multiplexing functions, the sensitivity
and the specificity of cell-free biosensors need to be further
optimized.!®) In the future, the cell-free biosensors could use syn-
thetic biology tools that have been demonstrated on cell-based
biosensors (e.g., engineering modular genetics, logic gates, and
amplifying circuits) to improve their sensitivity, selectivity, and
extend their function.[1+9495:113]

In addition, cell-free biosensors can use CFPS systems other
than E. coli, such as yeast and mammalian cells, to develop
more sophisticated biosensors.l!''*115] By improving the sensor
recognition mechanisms and combining cell-free systems with
other materials (e.g., silicon), more types of functional cell-free
biosensors can be developed. It might expand the detection
range of cell-free biosensors to sense the odor, air, temperature,
light, and osmotic pressure. With further evolution of cell-free
biosensors, besides environmental monitoring and human
health diagnosis, they will increasingly expand their applications
to food testing, classroom education, and others, making them
more practical and commercial [5297:116117]

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Biotechnology
Journal

Acknowledgements

This work was supported by the National Key R&D Program of China
(Grant No. 2018YFA0901700), the Institute Guo Qiang, Tsinghua Univer-
sity (Grant No. 2019GQG1016), and the Laboratory Innovation Fund of
Tsinghua University.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

cell-free biosensor, environmental monitoring, medical diagnosis, syn-
thetic biology, workflow

Received: April 19, 2020
Revised: June 22, 2020
Published online: July 23, 2020

D
2]
3]
4]

5]
6]

7]
8]

[
(1]

(1]
(12]

(13]
(14]

[15]
(6]

(17]
(18]
(19]
(20]
(21]
(22]

(23]
(24]

Biotechnol. J. 2020, 15, 2000187

V. Perumal, U. Hashim, J. Appl. Biomed. 2014, 12, 1.

P. Damborsky, J. Svitel, J. Katrlik, Essays Biochem. 2016, GO, 91.

N. Verma, A. Bhardwaj, Appl. Biochem. Biotechnol. 2015, 175, 3093.
J. Castillo, S. Géspar, S. Leth, M. Niculescu, A. Mortari, |. Bontidean,
V. Soukharev, S. Dorneanu, A. Ryabov, E. Cséregi, Sens. Actuators, B
2004, 102, 179.

N. Misawa, T. Osaki, S. Takeuchi, J. R. Soc., Interface 2018, 15,
20170952.

S. M. Borisov, O. S. Wolfbeis, Chem. Rev. 2008, 108, 423.

A. S. Khalil, ). J. Collins, Nat. Rev. Genet. 2010, 11, 367.

X. Wan, T. Y. H. Ho, B. Wang, in Handbook of Cell Biosensors (Ed:
G. Thouand), Springer International Publishing, Cham, Switzerland
2019, p. 1.

M. Hicks, T. T. Bachmann, B. Wang, ChemPhysChem 2020, 21, 132.
H. J. Kim, H. Jeong, S. ]. Lee, Anal. Bioanal. Chem. 2018, 410,
11911203.

H. Konig, D. Frank, R. Heil, C. Coenen, Curr. Genomics 2013, 14, 11.
A. Sassolas, B. Prieto-Simoén, |J.-L. Marty, Am. J. Anal. Chem. 2012,
3, 210.

E. Bernard, B. Wang, Methods Mol. Biol. 2017, 1572, 349.

B. Wang, M. Barahona, M. Buck, Biosens. Bioelectron. 2013, 40, 368.
G. V. Dana, T. Kuiken, D. Rejeski, A. A. Snow, Nature 2012, 483, 29.
I. Kviatkovski, S. Shushan, Y. Oron, |. Frumin, D. Amir, L. Secundo,
E. Livne, A. Weissbrod, N. Sobel, Y. Helman, J. Biotechnol. 2018, 267,
45,

C. Schirmer, |. Posseckardt, A. Kick, K. Rebatschek, W. Fichtner, K.
Ostermann, A. Schuller, G. Rédel, M. Mertig, J. Biotechnol. 2018,
284, 75.

P. L. Voyvodic, ). Bonnet, Curr. Opin. Biomed. Eng. 2020, 13, 9.

A. Pandi, |. Grigoras, O. Borkowski, J. - L. Faulon, ACS Synth. Biol.
2019, 8, 1952.

E. D. Carlson, R. Gan, C. E. Hodgman, M. C. Jewett, Biotechnol. Adb.
2012, 30, 1185.

Z. Z. Sun, C. A. Hayes, |. Shin, F. Caschera, R. M. Murray, V.
Noireaux, J. Vis. Exp. 2013, 50762.

N. E. Gregorio, M. Z. Levine, . P. Oza, Methods Protoc. 2019, 2, 24.
J. W. Whittaker, Biotechnol. Lett. 2013, 35, 143.

S. Y. Lim, K. - O. Kim, D. - M. Kim, C. B. Park, J. Biotechnol. 2009,
143, 183.

(2]

(26]
(27)

(28]
(29]
(30]

(31]

(32]

33]
(34]

3]

(36]

(37]

(38]

(39]

[40]
(41]

(42]

(43]
(44]
(45]
46]

(47]

(48]
[49]
(5]
(51]
[52]
(53]
(54]

[55]

2000187 (12 of 14)

www.biotechnology-journal.com

J. G. Perez, |. C. Stark, M. C. Jewett, Cold Spring Harbor Perspect. Biol.
2016, 8, a023853.

D. K. Karig, Curr. Opin. Biotechnol. 2017, 45, 69.

M. T. Smith, S. D. Berkheimer, C. |. Werner, B. C. Bundy, BioTech-
niques 2014, 56, 186.

F. Chen, ). Wang, L. Du, X. Zhang, F. Zhang, W. Chen, W. Cai, C. Wu,
P. Wang, Biosens. Bioelectron. 2019, 130, 382.

P. Zhang, H. Feng, ]. Yang, H. Jiang, H. Zhou, Y. Lu, J. Biotechnol.
2019, 300, 78.

B. C. Daniels, Y. - ). Chen, J. P. Sethna, R. N. Gutenkunst, C. R. Myers,
Curr. Opin. Biotechnol. 2008, 19, 389.

A. Griwe, A. Dreyer, T. Vornholt, U. Barteczko, L. Buchholz, G.
Drews, U. L. Ho, M. E. Jackowski, M. Kracht, |. Liders, PLoS One
2019, 14, e0210940.

S. Gupta, S. Sarkar, A. Katranidis, J. Bhattacharya, ACS Omega 2019,
4, 9480.

T. Pellinen, T. Huovinen, M. Karp, Anal. Biochem. 2004, 330, 52.

A. Lopreside, X. Wan, E. Michelini, A. Roda, B. Wang, Anal. Chem.
2019, 917, 15284.

K. K. Alam, J. K. Jung, M. S. Verosloff, P. R. Clauer, J. W. Lee, D. A.
Capdevila, P. A. Pastén, D. P. Giedroc, J. J. Collins, J. B. Lucks, bioRxiv
2019, 619296.

Y. H. Yang, T. W. Kim, S. H. Park, K. Lee, H. Y. Park, E. Song, H. S.
Joo, Y. G. Kim, . S. Hahn, B. G. Kim, Appl. Environ. Microbiol. 2009,
75, 6367.

T. Kawaguchi, Y. P. Chen, R. S. Norman, A. W. Decho, Appl. Environ.
Microbiol. 2008, 74, 3667.

K. Y. Wen, L. Cameron, ). Chappell, K. Jensen, D. J. Bell, R. Kelwick,
M. Kopniczky, J. C. Davies, A. Filloux, P. S. Freemont, ACS Synth.
Biol. 2017, 6, 2293.

J. Chappell, K. Jensen, P. S. Freemont, Nucleic Acids Res. 2013, 47,
3471.

J. Seto, Micromachines 2019, 10, 506.

T. T. M. Duyen, H. Matsuura, K. Ujiile, M. Muraoka, K. Hirata, J.
Biosci. Bioeng. 2016, 123, 96.

H. Matsuura, K. Ujiie, T. T. M. Duyen, K. lzutsu, K. Fujiyama, S.
Maeda, K. Harada, K. Hirata, Appl. Biochem. Biotechnol. 2019, 189,
798.

K. Pardee, A. A. Green, M. K. Takahashi, D. Braff, G. Lambert, J. W.
Lee, T. Ferrante, D. Ma, N. Donghia, M. Fan, Cell 2016, 165, 1255.
D. Ma, L. Shen, K. Wu, C. W. Diehnelt, A. A. Green, Synth. Biol. 2018,
3, ysy018.

K. Pardee, A. A. Green, T. Ferrante, D. E. Cameron, A. DaleyKeyser,
P.Yin, J. J. Collins, Cell 2014, 159, 940.

Z.-M.Ying, B. Tu, L. Liu, H. Tang, L.-). Tang, J.-H. Jiang, Chem. Com-
mun. 2018, 54, 3010.

P. S. Mousavi, S. ). Smith, J. B. Chen, M. Karlikow, A. Tinafar, C.
Robinson, W. Liu, D. Ma, A. A. Green, S. O. Kelley, Nat. Chem. 2020,
12, 48.

A. D. Silverman, U. Akova, K. K. Alam, M. C. Jewett, J. B. Lucks, ACS
Synth. Biol. 2020, 9, 671.

W. Thavarajah, A. D. Silverman, M. S. Verosloff, N. Kelley-
Loughnane, M. C. Jewett, ). B. Lucks, ACS Synth. Biol. 2020, 9, 10.
X. Liu, A. D. Silverman, K. K. Alam, E. lverson, J. B. Lucks, M. C.
Jewett, S. Raman, ACS Synth. Biol. 2020, 9, 84.

A. S. Salehi, M. J. Shakalli Tang, M. T. Smith, J. M. Hunt, R. A. Law,
D. W. Wood, B. C. Bundy, Anal. Chem. 2017, 89, 3395.

P. L. Voyvodic, A. Pandi, M. Koch, I. Conejero, E. Valjent, P. Courtet,
E. Renard, |. - L. Faulon, ). Bonnet, Nat. Commun. 2019, 10, 1697.
Y.-]. )Jang, K. - H. Lee, T. H. Yoo, D. - M. Kim, Anal. Chem. 2017, 89,
9638.

Y.-]. Jang, K. - H. Lee, T. H. Yoo, D. - M. Kim, Anal. Chem. 2019, 97,
2531.

S. lyer, M. . Doktycz, ACS Synth. Biol. 2014, 3, 340.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[56]
[57]

(58]
[59]
(60]
(61]
(62]
(63]
64]
(65]

(66]
(67]

(68]
6]

[70]

(71
[72]
(73]
(74]
(73]
[76]

[77]
(78]

[79]
(80]

(81]
(82]

(83]

(84]
(85]

(86]

(87]

Biotechnol. J. 2020, 15, 2000187

Biotechnology
Journal

J. Y. Byun, K. H. Lee, Y. B. Shin, D. M. Kim, ACS Sens. 2019, 4, 93.
N. D. Taylor, A. S. Garruss, R. Moretti, S. Chan, M. A. Arbing, D.
Cascio, ). K. Rogers, F. ). Isaacs, S. Kosuri, D. Baker, Nat. Methods
2016, 73, 177.

F. Pfeiffer, G. Mayer, Front. Chem. 2016, 4, 25.

D.- M. Kim, K. - H. Lee, Front. Pharmacol. 2019, 10, 1166.

E. L. de los Santos, J. T. Meyerowitz, S. L. Mayo, R. M. Murray, ACS
Synth. Biol. 2016, 5, 287.

M. Koch, A. Pandi, O. Borkowski, A. C. Batista, ). L. Faulon, Curr.
Opin. Biotechnol. 2019, 59, 78.

F. Cheng, X. L. Tang, T. Kardashliev, Biotechnol. J. 2018, 13, 1700648.
V. D’Ambrosio, M. K. Jensen, FEMS Yeast Res. 2017, 17, fox076..

R. Fernandez-Lépez, R. Ruiz, F. de la Cruz, G. Moncalian, Front. Mi-
crobiol. 2015, 6, 648.

R. Mabhr, ). Frunzke, Appl. Microbiol. Biotechnol. 2016, 100, 79.

A. A. Green, P. A. Silver, ). ). Collins, P. Yin, Cell 2014, 159, 925.

R. Marshall, C. S. Maxwell, S. P. Collins, T. Jacobsen, M. L. Luo, M. B.
Begemann, B. N. Gray, E. January, A. Singer, Y. He, Mol. Cell 2018,
69, 146.

Y. Li, S. Li, J. Wang, G. Liu, Trends Biotechnol. 2019, 37, 730.

C. Myhrvold, C. A. Freije, . S. Gootenberg, O. O. Abudayyeh, H. C.
Metsky, A. F. Durbin, M. . Kellner, A. L. Tan, L. M. Paul, L. A. Parham,
Science 2018, 360, 444.

J. S. Gootenberg, O. O. Abudayyeh, J. W. Lee, P. Essletzbichler, A.
J. Dy, J. Joung, V. Verdine, N. Donghia, N. M. Daringer, C. A. Freije,
Science 2017, 356, 438.

E. T. Casper, S. S. Patterson, P. Bhanushali, A. Farmer, M. Smith, D.
P. Fries, ). H. Paul, Harmful Algae 2007, 6, 112.

J. S. Chen, E. Ma, L. B. Harrington, M. Da Costa, X. Tian, . M. Palef-
sky, J. A. Doudna, Science 2018, 360, 436.

M. S. Cordray, R. R. Richards-Kortum, Am. J. Trop. Med. Hyg. 2012,
87,223.

R. Bruch, G. A. Urban, C. Dincer, Trends Biotechnol. 2019, 37, 791.
Y. Li, L. Liu, G. Liu, Trends Biotechnol. 2019, 37, 792.

S. Song, L. Wang, J. Li, C. Fan, ). Zhao, TrAC Trends Anal. Chem. 2008,
27, 108.

W. Zhou, P. - J. J. Huang, J. Ding, J. Liu, Analyst 2014, 139, 2627.

T. Mairal, V. C. Ozalp, P. Lozano Sanchez, M. Mir, . Katakis, C. K.
O’Sullivan, Anal. Bioanal. Chem. 2008, 390, 989.

J. Wang, L. Yang, X. Cui, Z. Zhang, L. Dong, N. Guan, ACS Synth.
Biol. 2017, 6, 758.

C. Catherine, S. J. Oh, K. H. Lee, S. E. Min, J. |. Won, H. Yun, D. M.
Kim, Biotechnol. Bioprocess Eng. 2015, 20, 417.

Q. Gui, T. Lawson, S. Shan, L. Yan, Y. Liu, Sensors 2017, 17, 1623.
T. S. Bronder, A. Poghossian, S. Scheja, C. Wu, M. Keusgen, D.
Mewes, M. J. Schéning, ACS Appl. Mater. Interfaces 2015, 7, 20068.
I. Biran, R. Babai, K. Levcov, ). Rishpon, E. Z. Ron, Environ. Microbiol.
2000, 2, 285.

K. Pardee, Biochem. Eng. J. 2018, 138, 91.

A.S. Salehi, M. T. Smith, A. M. Bennett, J. B. Williams, W. G. Pitt, B.
C. Bundy, Biotechnol. J. 2016, 11, 274.

M. Schwarz-Schilling, L. Aufinger, A. Miickl, F. Simmel, Integr. Biol.
2016, 8, 564.

D. K. Karig, S. Bessling, P. Thielen, S. Zhang, |. Wolfe, J. R. Soc.,
Interface 2017, 14, 20161039.

(38]
[89]
[90]
7]
[92]
(93]
[94]
[95]
[96]
[97]
(98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]

[107]

[108]
[109]

[110]
[111]

[112]
[113]

[114]
[115]

[116]

[117]

2000187 (13 of 14)

www.biotechnology-journal.com

S. D. Cole, K. Beabout, K. B. Turner, Z. K. Smith, V. L. Funk, S. V.
Harbaugh, A. T. Liem, P. A. Roth, B. A. Geier, P. A. Emanuel, S. A.
Walper, |. L. Chavez, M. W. Lux, ACS Synth. Biol. 2019, 8, 2080.

J. L. Dopp, Y. R. Jo, N. F. Reuel, Synth. Syst. Biotechnol. 2019, 4, 204.
M. Z. Levine, N. E. Gregorio, M. C. Jewett, K. R. Watts, J. P. Oza, J.
Vis. Exp. 2019, 144, e58882.

Y. C. Kwon, M. C. Jewett, Sci. Rep. 2015, 5, 8663.

B. Lavickova, S. ). Maerkl, ACS Synth. Biol. 2019, 8, 455.

W. Thavarajah, M. S. Verosloff, J. K. Jung, K. K. Alam, ]. D. Miller, M.
C. Jewett, S. L. Young, ). B. Lucks, npj Clean Water 2020, 3, 18.

B. Wang, M. Barahona, M. Buck, Nucleic Acids Res. 2014, 42, 9484.
B. Wang, M. Barahona, M. Buck, Nucleic Acids Res. 2015, 43, 1955.
J. Bonnet, P. Yin, M. E. Ortiz, P. Subsoontorn, D. Endy, Science 2013,
340, 599.

R. J. R. Kelwick, A. ). Webb, P. S. Freemont, Front. Bioeng. Biotechnol.
2020, 8, 399.

N. Park, J. S. Kahn, E. J. Rice, M. R. Hartman, H. Funabashi, ). Xu,
S. H. Um, D. Luo, Nat. Protoc. 2009, 4, 1759.

K. Rehman, F. Fatima, |. Waheed, M. S. H. Akash, J. Cell. Biochem.
2018, 119, 157.

L. A. Torre, R. L. Siegel, E. M. Ward, A. Jemal, Cancer Epidemiol.
Biomarkers Prev. 2016, 25, 16.

P. Zhai, Y. Ding, X. Wu, J. Long, Y. Zhong, Y. Li, Int. J. Antimicrob.
Agents 2020, 55, 105955.

K. H. Kim, E. Kabir, S. A. Jahan, Sci. Total Environ. 2017, 575, 525.
M. B. Miller, B. L. Bassler, Annu. Rev. Microbiol. 2001, 55, 165.

L. Titus-Ernstoff, R. Troisi, E. E. Hatch, J. R. Palmer, M. Hyer, R. Kauf-
man, E. Adam, K. Noller, R. Hoover, Int. J. Androl. 2010, 33, 377.
A. S. Salehi, S. O. Yang, C. C. Earl, M. J. S. Tang, J. P. Hunt, M. T.
Smith, D. W. Wood, B. C. Bundy, Toxicol. Appl. Pharmacol. 2018, 345,
19.

R. Liu, A. Fu, Z. Deng, Y. Li, T. Liu, VIEW 2020, 71, e4.

J. Bastings, H. M. van Eijk, S. W. Olde Damink, S. S. Rensen, Nutri-
ents 2019, 11, 2205.

Z. Li, H. Zhang, Cell. Mol. Life Sci. 2016, 73, 377.

M. Soltani, B. R. Davis, H. Ford, J. A. D. Nelson, B. C. Bundy,
Biochem. Eng. J. 2018, 138, 165.

M. Whiteley, S. P. Diggle, E. P. Greenberg, Nature 2017, 551, 313.
F. Ratjen, S. C. Bell, S. M. Rowe, C. H. Goss, A. L. Quittner, A. Bush,
Nat. Rev. Dis. Primers 2015, 1, 15010.

L. Jiang, J. Zhao, . Lian, Z. Xu, Synth. Syst. Biotechnol. 2018, 3, 90.
X. Wan, F. Volpetti, E. Petrova, C. French, S. |. Maerkl, B. Wang, Nat.
Chem. Biol. 2019, 15, 540.

R. Aw, K. M. Polizzi, Biotechnol. Bioeng. 2019, 116, 656.

R. W. Martin, N. I. Majewska, C. X. Chen, T. E. Albanetti, R. B. C.
Jimenez, A. E. Schmelzer, M. C. Jewett, V. Roy, ACS Synth. Biol. 2017,
6, 1370.

J. C. Stark, A. Huang, P. Q. Nguyen, R. S. Dubner, K. J. Hsu, T. C.
Ferrante, M. Anderson, A. Kanapskyte, Q. Mucha, J. S. Packett, P.
Patel, R. Patel, D. Qagq, T. Zondor, ]. Burke, T. Martinez, A. Miller-
Berry, A. Puppala, K. Reichert, M. Schmid, L. Brand, L. R. Hill, ). F.
Chellaswamy, N. Faheem, S. Fetherling, E. Gong, E. M. Gonzalzles,
T. Granito, J. Koritsaris, B. Nguyen, et al., Sci. Adv. 2018, 4, eaat5107.
A. . Benitez-Mateos, I. Llarena, A. Sanchez-Iglesias, F. Lépez-
Gallego, ACS Synth. Biol. 2018, 7, 875.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

SCIENCE NEWS

Biotechnology
Journal

www.advancedsciencenews.com www.biotechnology-journal.com

Biotechnol. J. 2020, 15, 2000187

Liyuan Zhang, a graduate student in Shenyang Agricultural University, is now studyingin Dr. Yuan Lu’s
research group in the Department of Chemical Engineering, Tsinghua University. Her research direc-
tion is the construction of different prokaryotic and eukaryotic cell-free protein synthesis systems, as
well as the related research on cell-free biosensors.

Wei Guo, Ph.D. in ecology, is an associate professor in the Department of Ecology, College of Agri-
culture, Shenyang Agricultural University. His main research fields are the reproductive ecology and
ecological control of farmland weed population, the diagnosis and evaluation of biological toxicity of
water pollutants, and the control and remediation of agricultural non-point source pollution.

Yuan Lu received B.S. (2004) and Ph.D. (2009) degrees in chemical engineering from Tsinghua Uni-
versity, China. He received postdoctoral training from Johns Hopkins University (2009-2010) and
Stanford University (2010-2014), USA. He was a project researcher from 2014 to 2016 at the Univer-
sity of Tokyo, Japan. In 2016, Dr. Lu joined the faculty of chemical engineering at Tsinghua University,
China. The central paradigm of his research is using interdisciplinary cell-free synthetic biology ap-
proaches to engineer biomacromolecules and complex biological systems for addressing the most
daunting challenges in human health.

2000187 (14 of 14) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



