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ABSTRACT

AIMS: CRISPR is one of the most important gene editing tools that has been developed rapidly in
biotechnology. Apart from the application of CRISPR in gene editing, this technique can be used to
design new and accurate diagnostic methods. The aim of this study is to introduce the diagnostic
applications of CRISPR and to examine the unique futures of this technology.

MATERIALS AND METHODS: This research was conducted from spring to winter 2024 by reviewing
and interpreting authoritative articles and related scientific books. The keywords searched were
generally related to CRISPR technology and included gene editing, cas, CRISPR based biosensor,
and CRISPR-Chip in Google Scholar, NCBI, PubMed, and other authoritative databases.

FINDINGS: The coronavirus pandemic has led to the development of diagnostic methods that can
quickly and accurately detect the presence or absence of a pathogen. The design of portable CRISPR
kits, while being simple to operate and not requiring the participation of specialized individuals, can
be a suitable option and be beneficial to society in terms of money and time. CRISPR microarrays or
CRISPR-Chips are the latest diagnostic kits that are capable of identifying the target at femtomolar
detection levels without the need for genome amplification. This method can also be used in
criminal identification.

CONCLUSION: In the fields of medicine, criminal identification, biosecurity and food security, the
development of diagnostic methods with high sensitivity and specificity, low cost, rapid response
and simultaneous detection of multiple targets is very necessary. The CRISPR-Chip is considered
one of the promising methods for the development of new diagnostic Kits for the identification of
biological samples and genome pathogens.
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INTRODUCTION

CRISPR, or clustered regularly interspaced short
palindromic repeats, is part of the immune system
of bacteria and archaea that has evolved naturally
in these organisms and has protected them against
phages, viruses, and plasmids for many years. This
natural complex, consisting of two components,
the Cas protein and a guide RNA (gRNA), was first
discovered by Professor Jennifer Doudna. The
complex is guided to the desired site by the gRNA,
which leads to the localization and activation of the
Cas protein. Doudna and Emmanuel Charpentier
won the 2020 Nobel Prize in Chemistry for
introducing this system to the scientific
community. A wide range of researchers initially
welcomed this system due to its extraordinary
ability to precisely edit genes, and they soon
realized that, in addition to editing somatic cells,
CRISPR can also perform hereditary editing in
human germ cells and embryos. This led to a lot of
noise in the scientific community, so much so that
there was talk of work safety and medical ethics. A
few years after introducing CRISPR as a powerful
tool for editing genes, researchers at the Doudna
Laboratory discovered during an accidental
experiment that the cas12 protein, after binding to
the target region, madly cuts any genome around
it, causing cell death. They got ideas from this
behavior to design diagnostic kits [1, 2]. Along the
way, Feng Zhang from the Broad Institute observed
the same behavior with the Cas13 protein and he
also started to invent diagnostic methods. It is
worth noting that before the potential of Cas12
and Cas13 for highly accurate diagnostics was
discussed, researchers used Cas9 and dCas9
(dead and inactive Cas9) for diagnostic purposes.
Although Cas9 and dCas9 both can be detected
with high sensitivity and specificity, Cas12 and
Cas13 are more popular because they are easier to
work with, reveal more accurate results, and have
greater flexibility to detect different substances.
The commercialization of diagnostic kits that
work with the Cas12 and Cas13 mechanisms was
first launched in the United States by Zhang’s team
during the COVID-19 pandemic. As a result, the
United States became the leader in conducting
the most COVID-19 diagnostic tests. Of course, the
diagnostic potential of CRISPR did not cause as
much controversy as its potential for gene editing,
but it slowly spread around the world [1, 3].

To date, the most important areas
of CRISPR work have been gene editing and
diagnostics. Apart from the threats that gene
editing in germ cells can pose and become a tool
for biohackers, researchers hope that by editing
genes, they can take steps towards treating
diseases in germ cells, before embryo formation,
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in early embryonic stages, and even in adult
humans. CRISPR was initially introduced to detect
the nucleic acid of pathogens, but it soon became
clear that it could be programmed to detect a wide
variety of substances such as cancer biomarkers,
hormones, ions, small biological molecules, toxins,
etc. Cancer is a major focus for scientists studying
CRISPR, both in the therapeutic and diagnostic
fields. To date, many start-up companies have
been established to develop CRISPR kits [1, 4].
Usually, the goal of scientists in designing CRISPR
kits is to make them portable so that they can
operate at the desired location, without relying
on complex equipment and trained operators,
and researchers are moving towards directly
exposing the target sample to CRISPR without the
need for genome extraction kits and achieving the
desired result. Currently, most CRISPR diagnostic
kits are used in the laboratory, and the desired
samples, whether nucleic acid or otherwise, must
undergo steps to be compatible with the kit, such
as extraction, purification, and amplification [5].
Of course, CRISPR microarrays or CRISPR chips
perform diagnostic activity without the need for
amplification. Today, the biggest challenge for
researchers is to achieve a method in which the
CRISPR complex can simultaneously identify
multiple targets in a single reaction with
acceptable sensitivity and specificity. For example,
the SHERLOCKv2 method is an extended, one-step
assay that uses the thermostable Cas13 enzyme
(LwaCas13a) and can simultaneously detect
different gene targets in a single reaction. Also,
reducing the number of testing steps and reducing
the dependence on laboratory instruments are
two important approaches in the design of CRISPR
kits [6]. All these challenges were also felt by the
US DARPA organization and a program called
DIGET, meaning Diagnostics Based on Technology,
which defined gene editing in 2019 [7].

This study aims to introduce new and
potential applications of CRISPR technology
and to investigate the unique features of this
technology in the field of rapid diagnosis of
diseases and genetic disorders. The main focus of
the study is to investigate the ability to design a
diagnostic kit based on the CRISPR system with
programmability, high accuracy, appropriate
speed of operation, simplicity of the method,
and elimination of the replication process. Also,
introducing and investigating the potential of
using CRISPR microarrays for genome detection
and hereditary mutations without replication
in the medical, military, and law enforcement
communities are other goals of this study.
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MATERIALS AND METHODS

This narrative review study was conducted using
relevant articles from reputable English scientific
databases, such as ProQuest, PubMed, Scopus, and

the Google Scholar search engine, between 2017

and 2024. Keywords related to CRISPR technology,
such as gene editing, Cas, CRISPR-based biosensor,
CRISPR-Chip, and their possible combinations,

were used for the search. After removing

duplicates and evaluating the title and abstract,
37 books and articles were selected for the study.
First, CRISPR-based biosensors were described,
and then the applications of the CRISPR chip, as a
priority technology, were evaluated and reviewed

to identify pathogens and biomarkers.

Ethical permission: It is worth noting that this
article is a review study and since no intervention

was made on humans or animals in the research

process, compliance with the ethical principles of
research is fully guaranteed.

Statistical Analysis: This study is a narrative
review, therefore, it is written solely on the
analysis of existing sources and does not perform
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independent statistical analyses.

FINDINGS

After searching and screening, a final analysis
was conducted on 37 articles out of more than
one hundred articles. During these studies, it
was determined that the real-time PCR-based
diagnostic method and the CRISPR-based and
CRISPR-chip-based diagnostic methods are
among the most important diagnostic methods
and have high efficiency and performance. The
criteria for this selection are sensitivity, specificity,
programmability, speed of operation, and the
ability to identify specific genetic sequences in
sensitive biosecurity, clinical, and regulatory
situations. As a result, these three methods were
carefully examined and compared with each other
in this study (Table 1). It was also determined
that leading international organizations have
made plans to develop these diagnostic methods
(Table 2). For the development of CRISPR-based
biosensors, various types of Cas enzymes have
been used, and a comparison of the structure and

Table 1) Comparison of real-time PCR-based diagnostic methods with CRISPR-based biosensors

Diagnostic i
method Advantages Disadvantages Challenges
Requirement of expensive Dependence on foreign
. High sensitivity and specificity, applicable to the equipment, high cost of testing, companies for most of the
Real-time PCR- X . . . .
based detection of live and dead samples, approved by slow response time, need for materials used, errors in

international organizations.

experts to perform testing and
interpret results.

interpreting results and creating
false positives.

Low cost, high sensitivity, maintaining test sensitivity
in complex clinical samples, no need for complex tools
and equipment, fast and convenient for field testing,
relatively fast detection time (about half an hour on
average), high selectivity for target molecules, ease
of design, simplicity in use, high efficiency, epigenetic
detection, wide application range, creating new
potential for the development of next-generation
biosensors, visual detection.

CRISPR-based

Different preparation steps (such as

Not widely used in clinical trials,
awaiting clinical validation,
integration of all diagnostic

steps into a single device and
elimination or reduction of
preparation steps.

amplification), off-target detection,
need for appropriate storage and
transportation conditions.

Creating the potential for integrating molecular
biology with electronics, detection without the need
for amplification, SNP detection for use in identity

CRISPR-chip- recognition, expanding the boundaries of digital

Expensiveness of the reader and the Not producing electronic parts

based genomics, high efficiency at the diagnostic level, electronic part of the Crispr chip. domestically.
no need for fragmentation of the genomic sample,
average efficiency of more than 92%, suitable for easy
transportation.
Table 2) Comparison of enzymes used in CRISPR-based biosensors
Effector proteins Cas9 Cas12a Cas13a Cas14a
o™
s unuam\ ¥ o) CcrRNA
i’v\ Cas9 ] d et > Caslda
_SPEC { ) ( L " =
T s M § T e fﬂ e &
GsDMA =T /335 NGG) e R §Y mona 3 / SsDNA
Type I V Vi v
Spacer length 18~24nt 18~24nt 22~28nt 22~30nt
Endonuclease
HNH, RuvC RuvC 2*HEPN RuvC
domains
Guide RNA sgRNA crRNA crRNA crRNA
PAM/PFS 3’, G-rich (NGG) 5", T-rich (TTTN) 5, ATIC no
Target dsDNA dsDNA, ssDNA ssRNA only ssDNA only
cis-cleavage blunt staggered near U or A staggered

frans-cleavage

no

specific ssDNA

specific ssRNA

specific ssDNA
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activity of these enzymes is presented in Table 3.

Table 3) Final product specifications from DARPA’s
DIGET program
Feature Target
Detective range Less than 10 copies of nucleic acid
Sensitivity and
specificity
Detection time

Detection per unit
time

Above 98%

Less than 15 minutes

Minimum 10 and maximum 1000 samples

Minimum 150 microliters and maximum
1.5ml

Online or in a simple step
Single and multiple tests cost $1 and $10

Sample volume

Sample preparation

Final price respectively
Prlmarly‘gerfome No need
amplification
Recovery and hours 24

reprogramming

More than one sample (blood, sputum,
(environmental sample
Stable in the environment with the lowest
energy

Sample flexibility

Stability

DISCUSSION
After the outbreak of COVID-19, CRISPR-based
diagnostic methods have attracted the attention of
experts and commercial companies as one of the
main priorities in the design of pathogen detection
kits. The number of CRISPR-derived methods for
diagnosis is rapidly increasing, and new diagnostic
pathways are presented every day. CRISPR is very
flexible and is compatible with most thermal
amplification methods, reporters, and detection
methods, and although it is usually implemented
in microtubes, it can be used in single-well plates,
ELISA plates, microarrays, and other laboratory
instruments, and shows the results with sufficient
accuracy. It can be said that there will be a CRISPR-
based diagnostic method in various fields, such
as food safety, for every laboratory in the world
[6]. The design of portable CRISPR kits, while
being simple to operate and not requiring the
participation of specialized individuals, can be
a suitable option and be beneficial to society in
terms of money and time. CRISPR microarrays or
CRISPR chips are the latest diagnostic kits that can
identify the target at the femtomolar detection
level without the need for genome replication. This
method can also be used in criminal identification.
In the following, an attempt has been made to
describe CRISPR-based diagnostic methods.
CRISPR-based biosensors: Conventional
diagnostic methods cannot quickly identify
pathogenic biological agents, stop a disease before
it spreads, and quickly become operational on site
in times of need. Since these methods are slow and
their programs cannot be changed quickly, they
willnotbe able to respond effectively in responding
to biological threats. However, CRISPR-based
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diagnostic methods do not have the cumbersome
problems of conventional diagnostic methods,
which is why they have gained great popularity
among researchers. The most important feature
of CRISPR is its ease of use. CRISPR methods,
whether in the field of gene editing or in the
field of diagnostics, are inexpensive and do not
require complex equipment for implementation,
and can be easily used by non-specialists. Also,
the interpretation of their results is easy [9]. In
addition, the use of CRISPR Kits is not limited to
a specific location and is easily portable, and the
waiting time for the results to appear has been
reported to be a maximum of three hours and
a minimum of 15 minutes [6 and 7]. CRISPR,
combined with isothermal amplification methods,
has partially solved the problem of false-positive
results. The greatest popularity of CRISPR is that
it can be used to design and manufacture home
kits. That is, diagnostic tests can be performed
with minimal facilities and non-specialized people
in places other than laboratories. The safety of
working with CRISPR kits is acceptably high and is
not considered a threat to humans or nature [10].
CRISPR-based biosensors operate using a variety
of Cas enzymes and detection methods based on
fluorescence, electrochemical, Raman scattering
(SERS), and colorimetry [11] (Figure 1).

Currently, to increase the sensitivity
of CRISPR-based diagnostic kits, a thermal
amplification step must be performed before the
reaction to increase the amount of the target gene.
The target gene must increase its amount under
the influence of the amplification reactions. LAMP
and RPA are the most common amplification
methods used with CRISPR, but research has
shown that LAMP is more efficient because it is
inexpensive, requires fewer enzymes, and reveals
the answers faster. It is worth noting that the
thermal amplification of the genome in CRISPR
methods is not limited to isothermal methods and
canalso be performed based on multi-temperature
methods such as PCR [12]. Four important CRISPR-
based biosensors that were developed during the
COVID-19 outbreak include SHERLOCK, DETECTR,
HOLMES, and CONAN (Figure 2). These methods
can be performed using a variety of Cas enzymes
and also optical detection or using strip kits (LFA)
[13].

In some methods, the two amplification
and detection steps are implemented separately,
but in one-step methods, the two amplification
reaction mixtures and the CRISPR reaction
are combined. Two-step methods usually have
higher accuracy, but their biggest drawback is
the formation of aerosols when opening the
microtube, which can disrupt the workflow. To
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optimize one-step methods, the CRISPR reaction
mixture can be placed separately in the lid of the
microtube, and the amplification reaction mixture
in the bottom. After the desired temperature is
applied during genome amplification, the CRISPR
mixture gradually moves downward and reaches
the bottom of the vessel, and the products of
the amplification reaction are obtained. Ideally,
researchers are looking to achieve one-step
methods that have similar accuracy to two-step
methods. On the other hand, the basis of detection
with cas12, casl3, and casl4 enzymes is the
uncontrolled cuts that these enzymes make on the
genomes around them (reporters) after binding to
the target region (Figure 3).

However, Cas9 and dCas9 enzymes do
not perform off-target cuts and their diagnostic

Zeinoddini et al.

activity is carried out by binding to the target [14-
17]. Some CRISPR-based diagnostic kits require
laboratory equipment to track the final result,
such as fluorescence measurement devices and
electrochemical instruments to detect the results.
However, researchers have been able to develop
kits to design home kits that do not depend on
laboratory equipment for the appearance and
examination of the results. Such kits are generally
equipped with LFA, color change, portable devices
forirradiating UV and laser light, and smartphones,
and can provide final results with accuracy similar
to real-time PCR. The two main factors for accurate
measurement of diagnostic results are sensitivity
and specificity. Currently, rapid diagnostic Kkits
available on the market usually do not provide
results with high accuracy, and the reliability of
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Figure 1) Illustration of CRISPR-based biosensors employing a variety of Cas enzymes that operate using fluorescence-

based, electrochemical, surface-enhanced Raman spectroscopy, and colorimetric detection methods [11].
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Figure 2) Comparative image of CRISPR-based biosensors used in the detection of the novel coronavirus [13]
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the results published by them requires additional
tests using the aforementioned diagnostic
methods. However, recent research has shown
that the sensitivity and specificity of CRISPR-
based diagnostic methods are equivalent to and
sometimes higher than conventional methods
such as PCR [10-12]. In general, CRISPR-based
diagnosis is called CRISPR-DX, and in general,

RNA
Cas13a system “
AN,
AN,

M = -
SSRNA ssRNA Cas13a
AAM, J?}
W '?) ‘AO

%ﬁf Cas12a system

Cast4a

—
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CRISPR-based detection is performed according to
two main methods: the binding method, in which
Cas9 and dCas9 proteins operate in this area, and
the cleavage method, in which Cas12, Cas13, and
Cas14 are included in this group. The design of kits
and techniques that work with dCas9 and Cas9 are
more complex than other diagnostic Cas, and once
the kits are designed and prepared, they usually

Fluorescent Signal

/}{\iigh!

) ¥
| —> Reporter
/o ¥ 5d L Naked eyes
<

/o ® .f‘o\
s

YY

Lateral Flow

Figure 3) Fluorescence detection in biosensors based on
Cas12 (DETECTR), Cas13 (SHERLOCK), and Cas14 (Cas14-DETECTR) [17]
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require the addition of multiple biological and
chemical agents to display the results (Figure 4)
[16, 18, 19].

As mentioned, the basis of the activity
of casl2, cas13, and casl4 is the creation of
uncontrolled cuts in areas outside the main target.

Positive

LWl

Negative

ELISA

Figure 4) A diagram of the mechanism of action of CASs that
perform recognition based on target binding (cas9 and dcas9) [19]

These cuts are called off-target cuts or trans
cleavage. The greater the number of these non-
specific cuts, the higher the accuracy of the work.
This is exactly the opposite of what is done about
Cas9 and dCas9, where efforts should be made
to reduce non-specific cuts as much as possible.
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On the other hand, cas12, cas13, and cas14 only
require an RNA called crRNA (CRISPR RNA) in
the gRNA for activity. However, Cas9 and dCas9
require the presence of tracrRNA along with
crRNA in the designed gRNA structure. Therefore,
the gRNA design stage for Cas9 and dCas9 is more
complex and requires more accuracy. Setting up
diagnostic kits that work with Cas12, Cas13, and
Cas14 requires very few and simple components,
such as the Cas enzyme, the designed GRNA,
reporters, the corresponding buffer (which has
the same composition in most kits regardless of
the type of Cas used), and the materials related
to the amplification reaction. However, when the
kits are planned and designed based on the Cas9
or dCas9 enzyme, a larger number of biological
and chemical materials are needed, and as a
result, the design is highly complex. Therefore,
the preparation steps of kits that work with
Cas9 or dCas9 are more difficult and longer than
those of Cas12 and Cas13. Also, the appearance
of the final results requires more time. The need

Cas9 RuvC '

2,
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for a large number of raw materials and more
complex preparation processes compared to other
detection Cas have caused researchers to use
Cas9 and dCas9 less often [20-23]. In Table 2, a
comparison of Cas enzymes was examined. These
enzymes are proteins with two structural lobes,
often consisting of two parts, a nuclease part
(NUC) and a recognition part (REC) connected by
an arginine-rich bridge. The nuclease part has two
domains, HNH and RuvC. In the Cas13 structure,
the HEPN domain is involved in the cutting action
[24] (Figure 5). If Cas enzymes are used alone and
without combining with amplification methods to
identify different targets, they are still capable of
detecting genomes, but with less sensitivity. One
of the main goals in designing CRISPR kits is to
achieve a technique that detects the presence or
absence of the desired target without the need for
pre-CRISPR reaction treatments, such as genome
extraction and amplification reactions [25]. Such
diagnostic kits are known as CRISPR microarrays
or CRISPR chips.

I|I|< }:E dsDNA target

crRNA

/

p
Cas12 (8

tracrRNA

Rqu \\

]m:Q 3{: dsDNA target

% chNA

Casi3

HEPN ﬁ

%EPN S:z//“ ssRNA target
_CrRNA 5

Figure 5) Illustration of the three Cas proteins and their structural regions active in nucleic acid cleavage [24]. Cas9 is
structurally composed of two lobes: the nuclease lobe (NUC) and the recognition lobe (REC). The NUC lobe contains
two endonuclease domains, HNH and RuvC, along with a PAM-interacting domain. Cas12 contains only a RuvC-like
domain, and Cas13 contains two higher eukaryotic and prokaryotic nucleotide-binding domains (HEPN) for nucleic
acid cleavage

DARPA aims to harness life sciences to
defend U.S. military personnel and revolutionize
defense. In this regard, the DIGET program was
defined after the introduction of the extraordinary
potential of CRISPR in detection. The goal of
this program is to develop high-sensitivity and
specificity diagnostic systems, small in size,

reprogrammable to identify new targets, and low-
cost, capable of detecting any threat at any time
and in any possible place. The construction stages
of these systems should not take more than a
week, and also, the detection of the results should
not require laboratory equipment, It is proposed
to use strip Kits for this purpose. Researchers
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should work towards building devices that can
detect a minimum of 10 and a maximum of 1,000
samples in a single test. DARPA wants these
diagnostic systems to be able to identify multiple
samples in small volumes simultaneously, while
performing a single step and not requiring
genome replication, and to reveal the final results
in less than 15 minutes with such accuracy that it
can confidently respond to the threat and make
the right decisions. Of course, DARPA’s goal is
not limited to the medical field, and it looks at
diagnostic kits as new soldiers to protect its
country. Respiratory diseases, febrile diseases,
diseases transmitted by insects and animals,
digestive diseases, and harmful microorganisms
are biological challenges that DARPA considers
a threat and intends to prevent problems caused
by them through diagnostic kits. The existence of
such kits anywhere in the world can be very useful
in the early detection of a pathogen that may
lead to an epidemic. Another dimension of this
program is the advancement of bioinformatics as a
support for diagnostic techniques that can change
the system programming to detect new targets in
emergencies within 24 hours. Table 3 shows the
specifications and features of the final product
intended for the DARPA DIGET program [26].
CRISPR-based biosensor for detecting
non-nucleic acid targets: After demonstrating the
ability of CRISPR to detect genomes, scientists
found that this method can also be programmed
to detect other biological or chemical substances
such as uric acid, hydroxybenzoic acid, ATP,
small organic molecules, metal ions, exosomes,
and extracellular vesicles [27, 28]. Since CRISPR
systems are activated only by encountering nucleic
acids, the detection of non-nucleotide molecules
requires the help of intermediaries that link the
CRISPR complex to non-nucleotide targets. In a
way, the presence or absence of the target molecule
should send a message to the mediators, and that
mediator, in response to the sent message, will
activate or deactivate the CRISPR complex. After
the mediator is activated, other similar steps will
be taken as if the main target were the genome.
Aptamers (also known as chemical antibodies)
are one of the best mediators. By recognizing the
target molecules and changing its spatial structure,
the aptamer is separated from the molecules that
are bound to it and binds to the target molecule.
The molecules bound to the aptamer are a kind
of activator of the CRISPR system, which, by
separating from the aptamer and performing a
few simple biochemical reactions, cause the Cas
enzyme to activate and create uncontrolled cuts by
it. These cuts will lead to the reporter substance
(fluorophore) moving away from the quencher
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(quencher) and the emission of detectable signals.
In addition to aptamers, DNAzymes and allosteric
transcription factor (aTF) can also be used as
mediators. The function of aTF is similar to that of
an aptamer, and the researcher must bind double-
stranded DNA to aTF. In the presence of a target
molecule and binding with aTF, the spatial shape
of aTF changes, and the double-stranded DNA
is released from it, while the CRISPR complex
recognizes the double-stranded DNA and the Cas
enzyme is activated (Figure 6) [29].

It should be noted that the detection of
non-nucleotide targets is done either through
direct methods or indirect methods. In indirect
methods, we must find a way to release the DNA or
RNAs that activate the CRISPR complex, through
several steps and with the help of nucleases, with
the help of mediators. However, in direct methods,
molecules must be designed that act both as an
aptamer and as a CRISPR activator. Such molecules
are called aptavators. The Aptavator is a strand of
DNA that both acts as an aptamer and activates
the Cas protein. In the presence of the target
molecule, the Aptavator binds to it and the gRNA
is no longer able to recognize it, so the Cas is not
activated and the reporters are not cut. However,
in the absence of the target molecule, the gRNA
from the CRISPR complex can recognize and bind
to the Aptavator. This binding changes the spatial
structure of the CRISPR complex, making it ready
to cut the reporters and subsequently generate
detectable signals [29]. CRISPR can also serve as
a non-invasive method for detecting proteases of
a disease or cancer markers. Kits can be designed
to simultaneously detect several non-nucleotide
molecules in a single reaction. In the identification
of non-nucleotide targets by CRISPR, the most
commonly used Cas is Cas12, but Cas14 has also
been shown to be able to perform well for tracking
these targets. The HARRY diagnostic method is
one of the methods that works with cas14 and
can be programmed to detect histamine, aflatoxin,
thrombin, ATP, and Cd2+ [26, 29].

CRISPR microarrays or CRISPR chips:
Combining the high-precision capability of CRISPR
with the speed and scalability of electronics,
the CRISPR chip is an electronic DNA search
engine that not only enables DNA detection
without amplification but also demonstrates
the untapped potential of integrating molecular
biology with electronics and nanomaterials. The
ability of CRISPR chips to detect genetic and
infectious diseases without amplification has
been demonstrated in samples from individuals
with Duchenne muscular dystrophy and sickle cell
disease. Following the success of Kiana Aran and
Brett Goldsmith, from the University of California,
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Berkeley, startups were founded to commercialize
CRISPR chips and perform genotyping without
amplification [25]. This capability of CRISPR chips
could also be used for criminal identification.
In principle, CRISPR chips could be capable
of detecting SNPs in the future, which could
significantly expand their applications [27].
CRISPR chips also have the potential to push the
boundaries of digital genomics. The CRISPR-Chip
method involves Cas enzymes and target-specific
crRNA complexed onto a graphene-based field-
effect transistor (gFET). gFETSs consist of an ultra-
thin layer of graphene (a crystalline, honeycomb
structure of carbon). This material, which acts
as a conductive layer, is sensitive enough to
allow engineers to detect the ionic content of a
solution. CRISPR-Chip technology allows CRISPR

Zeinoddini et al.

to function properly even when chemically bound
to graphene, and the gFET detects the binding
of the Cas-gRNA complex to the target DNA. In
effect, the gFETs form the core of a microarray-
based biosensor. When the target DNA binds to
the corresponding CRISPR-Chip complex (RNP),
changes in the conductivity of the graphene change
the electrical properties of the transistor, which
can be measured as a change in current. Notably,
this technology does not require labeled reporter
molecules, or in other words, the graphene-
bound RNP complex, upon binding to the target
DNA (hybridization of the target DNA to the RNP
complex), stimulates the electrical properties of
the gFET, leading to the generation of an electrical
signal (Figure 7).

From the analysis of this signal, the

gene
aditing pepised
_Plasmid |.L\. fusiom
%“&— e () z Eier
Aty oA
-
i Hp
E o X SR TT polymerasae
+ i . o - ]]]qn];.,._.d]]:
e e, - iha
Engyme = T il
I- Ty CRESPRCak syalam
i _"" HFE R . F!.-
) L. A0 o . ek
* o o
ApLaTET —_——
Arrepdifeatian
B. Samll reoleciles
immachkilized aTF aTF comformational change
&
.-"'-- B o EEE o .. s
[ MC s -  nc T e
L . ., o LY ., i
e e free deDMAL aotivasor e i Hp -
deDibl A | —_ -
T — —
T -
e
L Biotin-e=aan
4 f.»-’kﬁuucnﬂmv_'n Flacsuscence
s | cooaing . r DD =l B
e oty - et ——————— il iy
magnelic baad pel i il w,m
A v Efslien-asD NA
[T
EXOSDITIES Liposoma -
- + v
- LS - bh“\ o F-1
fia T fusicn ,!‘_\'
e e + = EEE g, eg. cancer
e ! S’ i
e f - i mifH A
i I [
A
ORISR A syalem
—
—3  Fluo-OFF
5 15 & s
o 0 O

A L

(L] Funotonal DA Locked Aotvabos

Hctivod CRESPRICaS -
SVEIT -

- S

a0
& o Flua-ied
&0 =

Figure 6) CRISPR-based detection of proteins, small molecules, exosomes, and ions. In combination with functional
DNA or fDNA such as aTFs, aptamers, and DNAzymes, the CRISPR system can be used to detect proteins (A), small
molecules (B), exosomes (C), and metal ions (D) [29]]
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Figure 7) CRISPR-Chip enables gene detection in less than 15 minutes. CRISPR-Chip leverages the gene targeting
capability of CRISPR-Cas9 and the sensitivity of gFET to rapidly identify a gene target from an entire genomic sample
without amplification [30].

detection of samples and the test result are
performed. Cas9 complexed with a target-
specific sgRNA (called RNP) is immobilized on
the graphene surface of the gFET structure.
The immobilized RNP scans the entire genomic
DNA until it recognizes its target sequence (the
complement of the 5 end of the sgRNA) and,
upon recognition, binds to the target DNA. The
selective binding event of the target DNA to the
RNP complex modulates the electrical properties
of the gFET, leading to the output of an electrical
signal within 15 minutes [31]. CRISPR-Chip has
been used to analyze DNA samples collected
from HEK293T cell lines expressing a specific
protein and clinical DNA samples with two
distinct mutations in exons commonly deleted in
individuals with Duchenne muscular dystrophy.
In this evaluation, CRISPR-Chip was shown to

have a detection limit of 1.7 femtomolar and did
not require genomic amplification. The average
efficiency of this method has been estimated to be
over 92%. Although CRISPR-Chip does not require
fragmentation of the genomic sample, it does
require purification of the genomic sample [32-
30]. To design a CRISPR-Chip, it is first necessary
to fabricate a gFET chip. Today, commercial
companies such as Graphena and ArcheBioChip
have also introduced these graphene-based chips
to the market. After fabricating or preparing
gFET chips, Cas enzymes are immobilized on
the graphene surface through chemical bonding.
After immobilization of the Cas enzyme, the
graphene surface is blocked with special materials
such as polyethylene glycol (PEG) to prevent
non-specific adsorption of charged molecules.
Finally, the immobilized Cas is complexed with

Mgzl cata
acquinrion

Figure 8) Image of using CRISPR chip to detect SNPs that
can be used for identification and criminology [27]
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a target DNA-specific sgRNA and forms the RNP
complex. In other words, the detection power in
the CRISPR-Chip system is due to the combination
of its two main components, RNP and graphene.
RNP is not only specific for recognizing a specific
sequence, but can be programmed to recognize
any desired sequence. Graphene has a very high
sensitivity to the adsorption and interaction of
charged molecules on its surface, and therefore,
the combined structure of graphene and CRISPR,
or CRISPR-Chip, makes it an ideal candidate for
the next generation of nucleic acid detection
biosensors [35-33].

CONCLUSIONS

In summary, it can be concluded from this review
that the design of CRISPR-based Kkits is suitable
for criminal identification, biosecurity, and food
security with high sensitivity and specificity and
simultaneous detection of multiple targets. It is
also expected that in the future, CRISPR-based
diagnostic kits will be used as a field method
without the need for initial genome amplification
to identify pathogens in the fields of biology and
health, and to detect genetic abnormalities and
determine criminal identity.

Clinical & Practical Tips in POLICE MEDICINE:
Accordingly, the design of simple and mobile
sensor systems for determining criminal identity
at the scene of a crime, the rapid identification of
pathogens that have pandemic potential, and the
determination of genetic abnormalities based on
point mutations using a drop of patient blood are
among the clinical and criminal points of using
CRISPR-based chips.
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