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Early diagnosis of infectious diseases represents powerful means to increase patient survival rate, avoid
disease spreading, and decrease healthcare costs. Current Polymerase Chain Reaction (PCR)- and
antibody-based diagnostic methods for detecting pathogens offer rapid analysis with highly accurate
and specific results. However, those methods are still hampered by the need of sophisticated infrastruc-
tures and highly-skilled technicians, which limit the deployment in developing area. Synthetic biology
with its rational and short design-to-production cycles has the potential to overcome those limitations.
Here, we discuss two promising efforts for pathogen nucleic acids detection using synthetic biology
approaches: Synthetic RNA-based and Clustered Regularly Interspaced Short Palindromic Repeats/
CRISPR-associated (CRISPR/Cas)-based biosensors. The two systems were reported to show remarkable
specificity and sensitivity on detecting and reporting the presence of pathogen via pathogen nucleic acid
recognition with lower development and operational costs when compared to current PCR- and
antibody-based diagnostic tools. Moreover, both systems can be applied to paper-based platforms which
simplify the distribution and utilization in low resource-settings.
© 2018 Alexandria University Faculty of Medicine. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

and predicting treatment response, as well as, assessing the poten-
tial risk of developing a disease and guiding patient management.”

In vitro diagnostic (IVD) test, in which examination is performed
on specimens taken from the human body, is an indispensable tool
for producing high-quality medical outcomes.! Such tests are crit-
ical for diagnosing and monitoring of diseases, providing prognosis

Peer review under responsibility of Alexandria University Faculty of Medicine.
* Corresponding author.
E-mail address: erna@sith.itb.ac.id (E.A. Giri-Rachman).
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Currently there are more than 40,000 types of IVD test available
with global economic values forecasted to reach $75 billion US Dol-
lar (USD) by 2020.% In general, those wide varieties of IVD test can
be categorized in three main types: (1) Clinical laboratory tests:
Relatively complex tests, where certain samples from patients
are sent to clinical laboratories for examination using advanced
laboratory facilities by skilled operators (i.e. PCR-based and
immunoassay |/ antibody-based testing for pathogen detection).
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(2) Near-patient tests: Relatively simple tests which does not rely
on sophisticated instruments and can be easily performed on a
simple platform by physicians or nurses (i.e. urine test strips for
determining pH, specific gravity, and the presence of certain chem-
icals). (3) In-home tests: The simplest tests, where patients can do
the tests and deal with the test results information by themselves
(i.e. diabetic glucose meters and home pregnancy test).’

Particularly in developing countries, IVD test plays important
role on global efforts to combat infectious diseases.* It was
reported in 2007; early in vitro diagnosis could have eliminated
as many as 92,000 deaths from bacterial infection and reduced
healthcare costs by at least $1.5 billion in the United States.” While
in the other reports, early diagnosis and treatment of Tuberculosis
(TB) have saved approximately 43 million lives from 2000 to
2014.° In general, IVD test represents a powerful way to optimize
treatment, increase patient survival rate, and decrease healthcare
costs.

Among the most commonly used IVD tests for infectious dis-
eases are culturing, biomarker identification by PCR and
immunoassays, and whole genome sequencing.* Despite the speci-
ficity and sensitivity, the application of those tests is still hampered
by various problems, mainly related to analysis time, cost, and
portability for a simple in-field application. Culturing represents
the simplest and economical diagnosis methods, however in some
cases such as TB, the growth of the pathogens is remarkably slow
which might prevents patients for receiving timely and adequate
treatments.” On the other hand, biomarker identification and
whole genome sequencing offers fast and accurate analysis; how-
ever, those methods are costly and requires highly trained experts,
which makes deployment in area with poor infrastructures chal-
lenging. Thus, novel IVD approaches need to be developed to meet
those demands.

Recently, the emerging field of synthetic biology is employed to
tackle global challenges on developing low-cost, rapid, sensitive,
easy to use, and adaptable high clinical value diagnostic tools.®~'°
In this review we will highlight two synthetic biology-based IVD
systems, synthetic RNA- CRISPR/Cas-based biosensors which have

been demonstrated to detect and report various nucleic acid
biomarkers from pathogens with high accuracy and sensitivity, rel-
atively simple logistics, and low development and operational
costs. The future direction of using both systems as infectious dis-
ease diagnostic platforms will also be discussed.

2. Synthetic biology-based in vitro diagnostic approaches

Synthetic biology utilizes forward engineering approaches to
seek interchangeable parts from natural biology and assemble
those parts into systems that function unnaturally.’ In the context
of development of diagnostic methods, synthetic biology
approaches are typically focused on building novel biosensing sys-
tems with a modular architecture consisting of sensor, signal pro-
cessor, and reporter modules with measurable output (Fig. 1).!! As
synthetic biology field matured, most components and parts to
build such biosensing system are readily standardized and cata-
logued.'? Consequently, when applied in the development of IVD
platforms, the utilization of synthetic biology approaches is rela-
tively more straightforward and inexpensive when compared to
PCR-based and antibody-based platforms.**

Here, we focus on two promising synthetic biology-inspired IVD
platforms, Synthetic RNA- and CRISPR/Cas-based biosensors. Both
methods detect and report the presence of pathogen via pathogen
nucleic acid recognition. Synthetic RNA biosensor sensing module
consists of RNA switch which contain sequences complementary
to the target pathogen RNA. The binding of target RNA will activate
the expression of reporter gene which product can be observed
visually. While the CRISPR/Cas-based systems involve CRISPR
RNA that bind to pathogen DNA or RNA and activate the non-
specific activity of Cas nuclease to cleave quenched fluorescent
reporter RNA. The cleaved RNA reporter will emit fluorescence sig-
nal which can be detected easily. Furthermore, the two systems
can be applied to a paper-based platform which reduce operational
costs, as well as simplify the storage and deployment in area with
lack of advanced infrastructures and medical experts.

Synthetic Biology -Based In Vitro Diagnostics System

Sensing Module

O_

Signal Processing Module

@® - Y
J
* Sensitive * Logic gates
* Specific * Signal amplification
¢ Multiplexed * Noise reduction
detection of ¢ Thresholding

Output Module

Human readable output
* Colorimetric
* Fluorescence
* Luminescence

Fig. 1. Synthetic biology-based in vitro diagnostic system. Synthetic biology enables standardization and re-engineering of biological parts involved in sensing and processing
biological signals to form synthetic diagnostic system, consisting of sensor, signal processor, and reporter modules, which meet clinical specifications to aid medical decision-

making."’
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Fig. 2. RNA-based biosensors. (A) Conventional riboregulators control the translation of downstream RNA by sequestering the RBS through a cis-repression sequence, which
is relieved in the presence of the transactivator RNA (taRNA). (B) Toehold switch, in which RBS is located in a hairpin loop within the repressed RNA’s 5’ untranslated region
and released upon the binding of trigger RNA to the toehold, unzipping the hairpin into linear structures, releasing the RBS and start codon (AUG)."”

3. Synthetic RNA-based biosensors

RNA molecules are able to take on complex structures defined
by their sequence and can mediate diverse modular functions
across distinct sequence domains.!*!* Moreover, RNA molecules
can act as genetic regulatory elements at the level of transcription
or translation.'*!> Those aforementioned features of RNAs are
well-suited for rational design, and ultimately can be engineered
as biosensor, which offers wide dynamic range, low system cross-
talk, and design flexibility.'®

RNA-based biosensors consist of genetic circuits with riboregu-
lators that act as a switch (Fig. 2A).!” The genetic circuit would be
activated, expressing the reporter gene, upon the binding of target
biomarker RNA to the riboregulator. Until recently, riboregulators
relied on cis-repression sequence to sequester the ribosomal bind-
ing site (RBS) for controlling the translation of the downstream
mRNA. In the presence of higher affinity RNA molecule (the trans-
activator), the RBS is exposed, and translation ensues. The applica-
tion of RNA-based biosensors with this conventional riboregulator
is very limited, mainly due to the sequence constraints of the
transactivator (target biomarker RNA), which need to contain the
RBS sequence.’

The alternative design for the riboregulator was reported by
Green et al.'” in the form of toehold switches (Fig. 2B). In their
design the need for sequence conservation between the transacti-
vator and the RBS is eliminated by engineering “toehold” sequence
for the binding of the target biomarker RNA (trigger RNA). Transla-
tion of the reporter gene begins only when trigger RNA binds to the
toehold, which unzips the hairpin into linear structures, releasing
the RBS and start codon. Moreover, this novel riboregulator can
be engineered to detect not only short trigger RNA, but also full
length mRNA, thus offering wider range of application when used
as a component of RNA-based biosensors.'®

Smart design of in vitro diagnostic device based on toehold
switches mRNA sensors, was reported by Pardee et al.'® In this
arrangement, appropriate amount of plasmid encoding the syn-
thetic gene networks and commercially available or in-house
cell-free transcription system (RNA polymerase, energy source
(Adenosine triphosphate (ATP), transcription factors, and nucleo-
tides) and translation system (Ribosome, energy sources (ATP
and Guanidine triphosphate (GTP), tRNA, and Amino acids) are
freeze dried onto paper or other porous materials (Fig. 3).'8-2°
Upon rehydration the RNA-based biosensor will be transcribed
using the plasmid as template, and in the presence of target RNA

the reporter gene will be translated. This IVD device is stable for
long-term storage at room temperature.

This paper-based system demonstrated promising diagnostic
application by detecting mRNA of various antibiotic resistance
genes. Moreover, the system successfully distinguished two Ebola
virus strains, Zaire and Sudan, which differs in length by only three
nucleotides, with the limit of Ebola nucleoprotein mRNA detection
of 30 nanomolar (nM), demonstrating its high specificity and
sensitivity.'820

The paper-based Synthetic Gene Networks platform showed
promising advantages as a diagnostic tool, as it can be easily and
economically mass produced, stored, operated, and deployed,
especially in the area where laboratory infrastructures is not avail-
able.'” This paper-based system can cost as little as $0.02 to $0.04
USD per sensor using in-house cell-free expression system (or
$0.35 to $0.65 USD using commercial cell-free expression systems),
compared to $0.45 to $1.40 USD for a single antibody-based rapid
detection test reaction and $1.50 to $4.00 USD (reagents only) for
PCR-based test.'®2? In term of development, this system represents
significantly lower development costs and shorter design to pro-
duction cycles when compared to antibody-based diagnostics. Toe-
hold switch mRNA sensors using in the paper-based system can be
constructed in less than 12 h with the cost of $21 USD/sensor,
which are more favorable than 2-6 months development time
and $4000-$30,000 USD development cost for typical custom com-
mercial antibody production.'®?° Moreover, the Toehold switch
mRNA sensors can be designed based on the genetic information
of pathogen alone, which is ideal for the development of diagnostic
tools for emerging pathogens.

4. CRISPR/Cas-based biosensors
4.1. First-generation CRISPR/Cas-based biosensors

Microbial Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and CRISPR-associated (CRISPR/Cas) adaptive
immune systems contain programmable endonucleases that can
recognize specific nucleic acid sequences.’’ One class of Cas
enzyme, Cas13a, can be reprogrammed to target specific RNA
sequence when work in concert with CRISPR RNAs (crRNAs)*>23
(Fig. 4A). Upon recognition of its RNA target as specified by the
crRNA sequence, activated Cas13a engages in “collateral” cleavage
of nearby non-targeted RNAs, regardless of homology to the
crRNA.>* Those characteristics of CRISPR-Cas13 system can be
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harnessed
(Fig. 4C).

Such platform was developed and termed as SHERLOCK (Speci-
fic High-Sensitivity Enzymatic Reporter unLOCKing).?* In SHER-
LOCK, the collateral cleavage activity is harnessed to cleave and
activate a quenched fluorescent reporter RNA, which indicating
the presence of the target RNA of interest. SHERLOCK is able to
detect target RNA on attomolar (108 mol/L) scale which is more
sensitive than currently reported PCR-based method with the
detection limit on femtomolar (10~'® mol/L) scale.’®> Such
remarkable sensitivity is achieved using highly active Cas13a
ortholog from Leptotrichia wadei (LwCas13a); and the incorpora-
tion of a recombinase polymerase amplification (RPA) step
coupled with T7-mediated transcription for target enrichment
prior to detection.

The sensitivity and specificity of SHERLOCK was demonstrated
by its ability to detect target viral RNA down to concentrations of
~2 attomolar (aM) and discriminate between Zika virus (ZIKV)
and the related Dengue virus (DENV).?*2¢ Furthermore, by specifi-
cally design the crRNAs, SHERLOCK showed remarkable feat on dis-
tinguishing different strains of the same virus, including the
African and American strains of ZIKV, and strain 1 and 3 of DENV,
in which genetic material only differs by few bases. In additional

to construct CRISPR-based diagnostics platform

demonstration, SHERLOCK was also able to correctly detect differ-
ent genotypes of pathogenic bacterial strains such as E. coli and
Pseudomonas aeruginosa, with low cross-reactivity and detect
antibiotic resistance genes from various clinical isolates of Kleb-
siella pneumoniae.**

4.2. Second-generation CRISPR/Cas-based biosensors

To further expands the functionality and application of CRISPR/
Cas-based biosensors, extensive researches on Cas endonuclease
mechanisms was conducted. Recently, it was discovered that
Cas12a proteins cleave double-stranded DNA (dsDNA) in a
sequence-specific manner (Fig. 4B). The proteins induce robust col-
lateral cleavage against nonspecific single-stranded DNA
(ssDNA).?” A diagnostic platform then was developed by coupling
Cas12a-based DNA reporter with isothermal pre-amplification by
recombinase polymerase amplification (RPA), termed as DETECTR
(DNA Endonuclease Targeted CRISPR Trans Reporter). DETECTR
was successfully applied for rapid and accurate qualitative detec-
tion carcinoma-associated Human Papilloma Virus (HPV) types
16 and 18 from clinical specimens, and showed 1 attomolar detec-
tion limit when tested against synthetic plasmids containing cog-
nate target sequences.?’
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Fig. 5. CRISPR/Cas-based diagnostics workflow. Target nucleic acids was obtained
by HUDSON, then amplified by isothermal amplification to achieve attomolar
sensitivity. The resulting DNA can be transcribed for detection using SHERLOCK or
detected directly by DETECTR and SHERLOCKv2.%®

Meanwhile, SHERLOCK also underwent substantial upgrade in
term of sensitivity and functionality by introducing various new
approaches in the system (Fig. 5).2% In sample preparation step
subsequent heating at 37-50 °C for 5-20 min and 64-95 °C for
5 min termed as HUDSON (Heating Unextracted Diagnostic Sam-
ples to Obliterate Nucleases), was employed.?®?° This method
ensures the release of target viral nucleic acids from clinical spec-
imens, bypassing the need for nucleic acid extraction, and protects
them from degradation. SHERLOCK coupled with HUDSON permit-
ted sensitive detection of ZIKV RNA from infectious particles at up

to 0.9 aM in clinical sample in less than 2 h, which is comparable to
ZIKV RNA concentrations observed in patient samples, which range
from 0.9 to 900 aM.*®

The extensive characterization of 17 CRISPR-Cas13a and -
Cas13b orthologs, along with the discovery of collateral cleavage
activity of Cas12a, enabled the development of SHERLOCK version
2 (v2). Three CRISPR13 orthologs and Cas12a was combined and
coupled RPA to form a platform that allows for detection of three
ssRNA targets and one dsDNA target in a single reaction. It was
demonstrated that SHERLOCKv2 accurately detected ZIKV ssRNA,
synthetic sSRNA, DENV ssRNA, and synthetic dsDNA by visual read-
out in less than 90 minutes.*°

To further boost the signal output, nonspecific RNAse Csm6 was
incorporated into the SHERLOCK v2 platform with dual reporter
system which consist of poly-adenylate (polyA) and quenched flu-
orescent RNA reporters were used in the platform. Upon recogni-
tion of the target RNA, Cas13a collateral activities cleaves PolyA
reporter, the cleaved product then will activate Csm6. Cas13a
and Csm6 then work in concert to cleave quenched fluorescent
RNA reporter, increase the signal of SHERLOCKv2 by up to 3.5-
folds.*®

Finally, for in-field clinical applications, the reaction reagents of
CRISPR/Cas-based biosensors; Cas protein-CRISPR RNA complex
and RNA reporters can be lyophilized in a paper-based platform
for long-term storage, and easy deployment. Specific and sensitive
paper-based CRISPR/Cas-based biosensors can be designed and
synthesized in a matter of days for as low as $0.61 USD/test.>

5. Conclusion

As demonstrated by portable synthetic RNA-based and CRISPR/
Cas-based biosensors, synthetic biology approaches on developing
in vitro diagnostics platform enable short design to production
cycles, and simultaneous advantages of low-cost, rapid, and highly
accurate analysis. Furthermore, both systems offer logistical
advantages compared to commonly use PCR-based nucleic
acid detection tests when deployed to developing areas, where
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infrastructures and skilled personnel are limited, and more impor-
tantly, where delays in diagnosis, targeted care, and infection con-
trol might contribute to infectious disease mortality and spread.'

Among the two systems, portable synthetic RNA-based biosen-
sor offers lower cost and simpler application since enrichment
steps as in CRISPR/Cas-based biosensors are not needed. Mean-
while, CRISPR/Cas-based biosensors system offers higher sensitiv-
ity with higher operational cost and more complex in-field
application. Continued researches on both synthetic biosensors
would undoubtedly uncover more useful RNA switches and
enzymes which might be implemented for improved sensitivity
of both systems. In the case of CRISPR/Cas-based biosensors, those
may eliminate the needs for enrichment step, which would
simplify the testing procedures and reduce the analysis cost.
Nevertheless, in both systems, clinical testing and trials, including
benchmarking against existing diagnostic tools, are required to
ensure the quality of the analysis results.?® Additionally, the effec-
tiveness of RNA-based and CRISPR/Cas-based biosensors needs to
be evaluated in in-field clinical situation, where environmental
pressures such as high ambient temperatures or dust might reduce
the test performances.*

Finally, multi-target detection features on both systems needs
to be further developed and optimized, considering the importance
of co-infection diagnosis. One important example is pneumonia,
the leading killer of children worldwide, which caused by DNA
and RNA viruses alone or in combination with bacterial infection.**
Another example is secondary infection on HIV patient which
might involve bacteria (TB, pneumonia), DNA virus (Hepatitis B
virus), or RNA virus (Hepatitis C virus).>*
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