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ARTICLE INFO ABSTRACT

Keywords: CRISPR-Cas12-based biosensors are a promising tool for the detection of nucleic acids. After dsDNA-target-
Biosensor activated Cas12 cleaves the ssDNA probe, a lateral flow test (LFT) is applied for rapid, simple, and out-of-
Cas12

laboratory detection of the cleaved probe. However, most of the existing approaches of LFT detection have
disadvantages related to inverted test/control zones in which the assay result depends not only on the cleavage of
the probe but also on the second factor: the binding of the non-cleaved probe in the control zone. We proposed a
novel platform for the detection of trans-cleaved DNA using a universal DNA-IgG probe and LFT with the
sequential direct location of test and control zones. The advantage of the platform consists of the assay result
depending only on the cleaved probe. For this, we designed a composite probe that comprise two parts: the DNA
part (biotinylated dsDNA connected to ssDNA with fluorescein) (FAM), and the antibody part (mouse anti-FAM
IgG). The Cas12, with guide RNA, was activated by the dsDNA-target. The activated Cas12 cleaved the probe,
releasing the ssDNA-FAM-IgG reporter that was detected by the LFT. The sandwich LFT was proposed with anti-
mouse IgG adsorbed in the test zone and on the surface of gold nanoparticles. We called the platform with direct
location zones and direct analyte-signal dependence the DNA-Immunoglobulin Reporter Endonuclease Cleavage
Test (DIRECT?). Therefore, this proof-of-concept study demonstrated that the combination of the proposed DNA-
IgG probe and direct LFT opens new opportunities for CRISPR—Cas12 activity detection and its bioanalytical

Immunochromatographic test
Trans-Cleavage

DNA-IgG complex

Released reporter

applications.

1. Introduction

In recent years, CRISPR-Cas-based biosensors for nucleic acid
detection have been explosively developed (Zhang et al., 2021b). These
assays include several stages: recognition of the dsDNA target by the
Cas12:guideRNA (gRNA) and, as a result, activation of the trans-acting
nuclease activity of the Casl2, cleavage of the single-stranded (ss)
DNA probe, and detection of cleaved probe. Casl2-based sensors can
operate with the dsDNA targets without its amplification using elec-
trochemical (Gong et al., 2021; Zeng et al., 2021) or fluorescent (Liang
et al., 2021) amplification of analytical signal. However, most Cas12
biosensors require an amplification of target dsDNA to boost sensitivity
(Fuetal., 2021; Glokler et al., 2021). The cleaved probe can be detected
by different methods. Lateral flow test (LFT) coupled with CRISPR-Cas
provided the most convenient tool for point-of-care (POC) application
(van Dongen et al., 2020; Wu et al., 2021). Most designed approaches for
LFT detection are based on inverted test/control zones in which the
assay result depends not only on the cleavage of the probe but also on
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the second factor: the binding of the non-cleaved probe in the control
zone.

Recently, a DETECTR (DNA Endonuclease Targeted CRISPR Trans
Reporter) was proposed for the Cas12-based assay. This platform was
designed based on the cleavage of a short (5-15 nt) ssDNA reporter
modified by either fluorescent tag and a quencher for fluorescent
detection or affinely recognizable tags (e.g. fluorescein [FAM] and
biotin) for LFT (Chen et al., 2018). The DETECTR is based on an LFT
strip with inverted test/control zones locations; an analyte passes
through the control zone and then the test zone. The control zone con-
tains an adsorbed streptavidin that affinity binds biotin, and the test
zone contains adsorbed antibodies specific to mouse IgG (anti--
mouse-IgG) that binds the conjugate of gold nanoparticles (GNPs) with
the mouse antibodies specific to FAM (anti-FAM-IgG). Thus, the
FAM-biotin probe non-cleaved by the Casl2 would form a colored
ternary complex in the control zone: adsorbed streptavidin-FAM-biotin
probe—conjugate of anti-FAM-IgG-GNPs. Upon proper concentration of
the probe, streptavidin, and GNP-anti-FAM-IgG conjugate, all
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non-cleaved probes were captured in the control zone. If the Cas12 was
activated and the cleaved ssDNA probe, some portions of the
GNP-anti-FAM-IgG conjugate would bind the FAM-labeled products of
the cleavage and pass through the control zone, and are bound in the test
zone by the anti-mouse-IgG. The DETECTR-based assays with LFT
detection were developed for many significant DNA- and
RNA-containing pathogens (see reviews (Kostyusheva et al., 2021; Tal-
war et al., 2021)). In particular, the following pathogens are detected by
the LFT-DETECTR: human papillomavirus (Tsou et al., 2019), African
swine fever (Bai et al., 2019), SARS-CoV2 (Ali et al., 2020; Brandsma
et al., 2021; Broughton et al., 2020; Rezaei et al., 2021), influenza vi-
ruses A (Park et al., 2021) and B (Ding et al., 2021; Park et al., 2021),
Mycobacterium tuberculosis (Wang et al., 2021), myeloproliferative
neoplasms (Chen et al., 2021), and potato viruses X and Y (Aman et al.,
2020). Gene mutations were also targeted for the DETECTR; Zhang
etal., (2021a) proposed an LFT strategy that used an unmutated allele in
a spinal muscular atrophy gene as the target for the DETECTR.

An alternative competitive format of the LFT combined with the
Casl2 was proposed with the direct order of test and control zone lo-
cations. Thus, the test zone contains short poly-A oligonucleotides that
bind to the oligo FAM-labeled poly-T reporter. When Casl2 was not
activated, the FAM-polyT probe was captured in the test zone and
formed a colored ternary complex: adsorbed polyA-FAM-polyT pro-
be-conjugate of anti-FAM-IgG-GNPs. Upon cleavage of the probe, the
color intensity in the test zone decreased and the zone became noncol-
ored. The biosensors based on this competitive approach were devel-
oped for the detection of P. aeruginosa (Mukama et al., 2020a), African
swine fever virus (Wu et al., 2020), and human papillomavirus (Mukama
et al., 2020b).

For the lateral flow assay, it is well known that simple and user-
friendly types of LFTs provide a direct target-response relationship
(Bahadir and Sezginturk, 2016; Parolo et al., 2020). This means that the
signal in the test zone should directly depend on the concentration of the
cleaved probe and the assay result should depend only on interaction of
the cleaved probe in the test zone with an adsorbed receptor and GNP
conjugate. This strategy is effectively applied to a wide variety of LFTs
from simple sandwich tests to enhanced highly sensitive tests (Gao et al.,
2017; Panferov et al., 2018; Zhang et al., 2014). The primary disad-
vantage of LFT-DETECTR is that test zone captures GNP conjugates
regardless probe. Thus, the assay result depends not only on the cleavage
of the probe but rather on three factors: (1) interactions of the
non-cleaved probe in the control zone with the adsorbed receptor and
GNP conjugate, (2) interactions of the cleaved probe with the GNP
conjugate, and (3) interactions of the GNP conjugate in any state in the
test zone. In result, the interactions of cleaved and non-cleaved probes in
control zone determine signal in test zone. Non-optimal condition could
cause coloration in test zone that would means false positive results.
Some researchers developed Casl2 based LFT where coloration of test
zones appeared upon negative samples application (Broughton et al.,
2020; Talwar et al., 2021; Tsou et al., 2019; Wang et al., 2020b).
Because the result depends on many factors, the probability of obtaining
an incorrect result increases. The minority of existing approaches to the
Cas-assay with LFT detection are based on a competitive LFT, meaning a
nondirect target-response relationship. Therefore, a significant
improvement to the Casl2-based assay with LFT detection would be a
realization of the direct dependence of the signal in the test zone on the
cleaved probe concentration based on the interactions of the cleaved
probe with the adsorbed receptor and GNP conjugate.

Here, we proposed a novel platform for the detection of cleavage
activity of Cas12 based on the universal DNA-IgG probe and an LFT with
the direct location of test and control zones. We designed a composite
probe that comprises two parts: the DNA part-biotinylated dsDNA
connected to ssDNA with FAM, and the antibody part-mouse anti-FAM
IgG. The use of the IgG module in this platform for the Cas12-based assay
assumes its versatility and applicability in different analyses. The acti-
vated Casl2 cleaved the probe, realizing the ssDNA-FAM-IgG reporter
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that was detected by the sandwich LFT with the anti-mouse IgG adsor-
bed in the test zone and on the surface of GNPs. As a result, a direct
dependence of coloration in the test zone on the amount of analyte was
obtained. We called this platform with direct location zones and direct
analyte-signal dependence the DNA-Immunoglobulin Reporter Endo-
nuclease Cleavage Test (DIRECT?). The proof-of-concept study was
performed, the dsDNA-target belonging to the genome of Dickeya solani,
a significant bacterial pathogen of plants (Toth et al., 2011).

2. Material and methods
2.1. Material

Monoclonal mouse antibodies specific to fluorescein (anti-FAM)
were produced by Bialexa (Moscow, Russia); streptavidin, protein A,
and protein G were produced by Imtek (Moscow, Russia). Non-target
monoclonal mouse antibodies to form the control zone of the test strip
were produced by Dr. V.G. Avdienko (Moscow, Russia). An anti-mouse
IgG-peroxidase conjugate (anti-mouse-HRP) was produced by Jackson
Immuno Research Labs (West Grove, PA, USA). Polyclonal goat anti-
bodies against mouse IgG antibodies (amAb1), conjugates of GNPs with
anti-mouse-IgG (amAb2), conjugates of GNP-protein A, and GNP-
protein G were produced by Arista Biologicals (Allentown, PA, USA).
Oligonucleotides with modifications (FAM, 5-carboxyrhodamine-X
[ROX], biotin, BHQ, and PEG) were synthetized by Syntol (Moscow,
Russia). EnGene LbCasl2a, DNAsel, RNAse inhibitor, T7 RNA poly-
merase, NTP, a Monarch DNA gel extraction kit, and an RNA cleanup kit
were purchased from NEB (Ipswich, MA, USA). Tersus polymerase,
dNTP, and unmodified oligonucleotides were obtained from Evrogen
(Moscow, Russia). Bovine serum albumin (BSA) and HAuCl, were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The membranes for
lateral flow strips were produced by Advanced Microdevices (Ambala
Cantt, India). Plasmid pGEM-ISG that contains ribosomal intergenic
spacer (IGS), 342 bp, from Dickeya solani (see Supplementary Materials
(SM), Table S1) was obtained in previous research (Ivanov et al., 2020a)
and used as a cis-activator (dsDNA target) in the study. Analytical-grade
pure salts and organic compounds were used.

2.2. Preparation of conjugate of GNPs with anti-mouse-IgG

GNPs were synthesized according to the modified Frens method by
reducing HAuCl, with sodium citrate (Frens, 1973). The GNP solution
with 1.0 absorbance units at 520 nM (ODsz() was adjusted to a pH of 9.0.
Then, anti-mouse-IgG were added to the GNP solution at a final con-
centration of 10 pg/mL and stirred for 1 h at 20 °C. The surface of the
conjugates was blocked by adding 0.25% BSA (m/w) followed by stir-
ring for 30 min. GNP-IgG conjugates were separated from unbound IgG
via centrifugation at 14,000 g for 30 min.

2.3. Preparation of LFT strips and their characterization

The LFT strips were assembled according to Ivanov et al. (2020b)
using plastic supports with a CNPC-12 nitrocellulose membrane, a PT R5
glass fiber membrane for the conjugate (conjugate pad), a GFB R4
sample pad, and an AP045 absorbent pad. Either anti-mouse-IgG, pro-
tein A, or protein G were dispensed on the test zone, and nonspecific
monoclonal mouse antibodies were dispensed on the control zone using
an IsoFlow Dispenser (Imagene Technology, USA) with a dispersion rate
of 0.15 pL per mm of CNPC-12 nitrocellulose membrane; all components
used 1 mg/mL in a 50 mM potassium phosphate buffer, a pH of 7.4 with
100 mM of NaCl (PBS), 10% glycerol, and 0.03% NaNj3 (Safenkova et al.,
2020). The synthesized conjugate of GNP-amAbl (ODsyy = 3.2),
GNP-amAb2, GNP-protein A, or GNP-protein G was dispensed at 26.6
pL per 1 cm? of PT R5 membrane. The multimembrane composites were
dried after dispensing at 20 °C overnight and then cut into 3.5 mm strips
using an Index Cutter-1 automatic guillotine (A-Point Technologies,
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USA).

Six types of LFT strips differing in combinations of conjugates and
reagents in the test zones were produced: 1) GNP-amAb2 and amAb1, 2)
GNP-amAbl and amAbl, 3) GNP-protein A and protein A, 4)
GNP-protein G and protein A, 5) GNP-protein G and protein G, and 6)
GNP-protein G and protein A.

The LFT strips were characterized using anti-FAM-IgG with different
concentrations (1-1000 ng/mL) in PBS with 0.05% Triton X-100 (PBST).
The test strip was dipped in 80 pL of the antibody solution. After 5 min,
the test strip was scanned by Canon Scaner (Tokyo, Japan). The color
intensities of the test zones were measured by TL120 (Nonlinear Dy-
namics, Newcastle upon Tyne, UK). A signal of fewer than 2 arbitrary
units (arb.u.) was considered below eye-visible level and was set as
negative. Data were processed by OriginPro 9.0 (OriginLab, North-
ampton, MA, USA).

2.4. Synthesis of DNA part of the composite probe for trans-cleavage

The DNA part of the composite probe comprising biotinylated 20 bp
of dsDNA (part of eGFP gene), connected to 15 nt of ssDNA with FAM
(biotin-dsDNA-ssDNA-FAM), was obtained by annealing complementary
oligonucleotides-eGFP-R-20-Bio with eGFP-C3PEG-dT15-FAM (see SM,
Table S1). Then, 10 pM of each oligonucleotide was incubated at 80 °C
for 2 min then gradually cooled until reaching 20 °C.

2.5. Synthesis of target DNA for trans-cleavage

The construct (600 bp), including the full length IGS and flanked
regions, was amplified from the pGEM-IGS plasmid by the PCR ac-
cording to Ivanov et al. (2020a). The reaction mix contained a Tersus
buffer (Evrogen), 200 nM of dNTPs, 200 nM of M13 forward and M13
reverse primers (SM, Table S1), 0.5 ng/pL of pGEM-IGS plasmid, and 30
units of Tersus polymerase. The total PCR volume was 300 pL, and the
PCR was performed in 40 cycles. Each cycle was 30 s in length with
denaturation at 95 °C, followed by 30 s primers annealing at 55 °C and
60 s elongation at 72 °C. The target product was purified by electro-
phoresis in 1.5% agarose gel then extracted by a Monarch DNA gel
extraction kit. The concentration (ng/pL) of the dsDNA fragment was
estimated by triplicate measurements using NanoDrop ND-2000 (Ther-
moFischer Scientific, Waltham, MA, USA). The IGS fragment was veri-
fied by sequencing (Syntol).

2.6. Synthesis and verification of gRNA

The design of the gRNAs was performed using CHOPCHOP version 3
online software (Labun et al., 2019). To obtain gRNAs, in vitro tran-
scription was performed according to Lu and Li (2012) with modifica-
tions. Briefly, for synthesis of the gRNA (see SM, Table S1),
complementary oligonucleotides (RNA DNA F and gRNA DNA R)
containing the T7 promoter followed by 22 bp of the gRNA gene were
denatured at 95 °C then annealed by gradually decreasing their tem-
perature. The reaction mix (100 pL) contained 40 mM of Tris-HCI, pH of
8.0, 20 mM of MgCl,, 2 mM of spermidine, 10 mM of DTT, 1.25 mM of
each NTP, 0.5 u/pL of RNAse inhibitor, 2.5 u/pL of T7 RNA polymerase,
and 2 pM of DNA template. The reaction was performed at 37 °C for 3 h,
then 10 pL of DNAsel buffer and 3 U DNAsel were added and incubated
for 30 min at 37 °C. The obtained RNAs were purified by an RNA cleanup
kit (NEB). DNAse treatment was repeated to remove residuals of the
gDNA template that could cause a false positive signal as ssDNA
cis-activator (Chen et al., 2018). The integrity of the gRNAs was checked
via electrophoresis in 15% of PAAG with 7M urea in a 20 mM Tris-borate
buffer with 0.2 mM EDTA (SM, Fig. S1).

2.7. Adsorption of DNA part of probe on microplate

Streptavidin (6 pg/mL in PBS, 50 pL) was adsorbed on the surface of
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a black, 96-well microplate Fluoro Nunc MaxiSorp (Thermo Fisher Sci-
entific) for 2 h at 37 °C. The microplate was then washed 4 times with
300 pL of PBST per well using an automatic washer, the Thermo-
Scientific Wellwash. Then, 50 pL of biotin-dsDNA-ssDNA-FAM in
different concentrations (20 nM-1 pM) were diluted in PBST and added
to the streptavidin-covered wells, then incubated for 1 h at 37 °C. The
concentration of free and bound biotin-dsDNA-ssDNA-FAM was esti-
mated by a measurement of FAM fluorescence. A solution with an un-
bound probe (50 pL) was mixed with 50 pL of 25 mM Tris-HCI pH 9.0.
FAM fluorescence of the surface-bound probe was measured after the
addition of 100 pL of the same buffer to the well. FAM fluorescence was
measured using an EnSpire Multipurpose plate reader (PerkinElmer,
Waltham, MA, USA) (extinction 498 nm, emission 517 nm). The wells
were washed by PBST (see above). The surface of the microplate wells
was blocked by 1 mg/mL BSA in PBST for 1 h at 37 °C. The excess BSA
was removed via PBST washing.

2.8. Formation of DNA-IZG composite probe (three variants)

Three schemes of the complex formation of the DNA part of the
composite probe (biotin-dsDNA-ssDNA-FAM, see Section 2.4) and anti-
FAM-IgG were tested. The first scheme utilized the incubation of anti-
FAM-IgG with biotin-dsDNA-ssDNA-FAM before the complex bound to
the streptavidin-covered microplate (Section 2.7). Anti-FAM-IgG was
combined with 50 nM of biotin-dsDNA-ssDNA-FAM with molar ratio of
1:1 and 5:1 in PBST and incubated at 37 °C for 30 min. Then, 50 pL of the
mix was added to the streptavidin-covered wells as described in Section
2.7.

In the second scheme, 50 pL of anti-FAM-IgG in different concen-
trations (0-500 ng/mL) in PBST was added to the wells covered by
streptavidin-biotin-dsDNA-ssDNA-FAM. The complex was formed at
37 °C for 1 h. Any unbound anti-FAM-IgG was removed by washing, as
described previously.

The third scheme implied the addition of anti-FAM-IgG in different
concentrations (0-100 ng/mL) in wells after the DNAse or Casl2
cleavage of the biotin-dsDNA-ssDNA-FAM had been performed (see
Section 2.11). The anti-FAM-IgG was incubated at 37 °Cfor 1 hor 1.5 h.

2.9. Fluorescent trans-cleavage assay without microplate

A trans-cleavage assay was performed according to the Casl2
manufacturer manual (NEB, MA, USA)-NEB2.1 buffer with 30 nM of
gRNA and 30 nM of EnGene LbCas12a, which were mixed and incubated
at 25 °C for 10 min. Then, 500 nM of ROX-dT15-BHQ2 (SM, Table S1)
was added as a probe of trans-cleavage. The reaction of the cleavage
began upon the addition of the sample with different concentrations
(0-5 nM) of IGS dsDNA target at 37 °C. The total volume of the reaction
was 30 pL. The kinetic of the ROX fluorescence was detected by Light
Cycler 96 (Roche) at a wavelength of excitation of 578 nm and emission
of 604 nm. Data were processed by OriginPro 9.0. Hill’s sigmoidal
function, which was used for fitting the concentration dependence
curve. Three standard deviations of null sample signal were used for
detection limit estimation.

2.10. Cleavage in microplate using activation-independent endonuclease
(DNAsel)

The reaction mix contained 3 U of activation-independent endonu-
clease (DNAsel) and DNAsel buffer (NEB). The DNAsel digestion was
performed in the microplate by the addition of 50 pL of DNAsel in a well
with an attached biotin-dsDNA-ssDNA-FAM or DNA-IgG probe (Section
2.8) and incubated at 37 °C for 30-60 min. The fluorescence of FAM for
the bound and cleaved probe was performed as described in Section 2.7.
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2.11. Trans-cleavage assay in microplate combined with LFT

Before the cleavage, the reactants (Cas12a, gRNA, and dsDNA target)
were mixed and incubated as described in Section 2.9. The assay was
performed in two schemes: long and short. In the long scheme, Cas12:
gRNA was activated by the dsDNA target in a tube for 30 min at 37 °C.
Then, 50 pL of the mix was added into the well with the attached
composite DNA-IgG probe. Trans-cleavage proceeded for 1 h at 37 °C.
During the short protocol, the reaction mix was added to the well
covered with the DNA-IgG probe immediately after the addition of the
dsDNA target and incubated at 37 °C for 30 min. The reaction mix was
transferred to an untreated well containing 30 pL of PBST. The LFT strip
was submerged in this well, and a lateral flow assay was performed as
described in Section 2.3. The detection limit was found according three-
sigma method with the first tested concentration with a signal higher
than 3SD of the null control sample. The relative SD (SD% = SD/
Value*100%) was calculated for each of measured IGS concentration.
The plot of the mean color intensity (y) versus the dsDNA target con-
centration (x) was approximated with the use of the Origin Pro 9 (Ori-
ginLab, USA) by the four-parameter sigmoidal function.

2.12. Chemiluminescent ELISA

After cleavage, the plate’s wells after cleavage (Sections 2.10, 2.11)
were washed by PBST as described in Section 2.7. Then, 100 pL of anti-
mouse-HRP diluted in PBST 1:3000 (v/v) was added and incubated for 1
h at 37 °C. The washing procedure was repeated after the incubation.
One hundred pL of SuperSignal ELISA Pico Chemiluminescent Substrate
kit (Thermo Fisher Scientific) was added for a chemiluminescence
response. The chemiluminescence signals were measured by Zenyth
(Biochrom, Cambridge, UK) for 13 min.

3. Results and discussion
3.1. Design of proposed platform

To detect the Cas12 trans-cleaved DNA with the direct location of the
LFT zones and the direct dependence of the color signal on the target
amount, we proposed the composite probe and LFT design for the
cleaved probe detection (Fig. 1). The composite probe contained DNA
and antibody parts. The DNA part was a biotin-dsDNA-ssDNA-FAM
construct that contained 20 bp of dsDNA with biotin at the 5 end of
one strand and a polyethylene glycol (PEG) linker at the 5’ end of
another strand that connected to 15 nt of ssDNA with FAM at the 5’ end
(see sequence in SM, Table S1). The antibody part was mouse anti-FAM-
IgG that bound to FAM. To implement the assay, the composite probe
was bound to a streptavidin-covered surface, namely the microplate
wells (Fig. 1).

The dsDNA fragment with a length of 20 bp was designed to distance
ssDNA-IgG from the surface and potentially decrease steric hindrance
for Casl12 diffusion and cleavage of the probe. After the activation of
Cas12 by the dsDNA target, the reaction mix was added to a well with
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the DNA-IgG probe attached to the surface. The Casl2 cleaved any
ssDNA, including the ssDNA fragment of the probe that released the
FAM-bound anti-FAM-IgG in a soluble fraction (Fig. 1). The releasing
mouse IgG was detected by the LFT owing to the simultaneous capturing
of the different IgG epitopes by the polyclonal goat anti-mouse anti-
bodies adsorbed at the test zone and on the GNP surface. As a result, the
colored ternary complex (adsorbed anti-mouse-IgG-anti-FAM-IgG-GNP-
anti-mouse-IgG conjugate) was formed. The control zone contained non-
target monoclonal mouse antibodies to bind the GNP-anti-mouse-IgG
conjugate. We proposed the universal probe with a modular composi-
tion and the LFT for the cleaved probe detection that could be applied
for different CRISPR-Cas12-based assays. We called the proposed plat-
form the DIRECTZ

We set the following tasks for developing the platform: (1) screening
of compounds for LFT, (2) choice of scheme to form the composite
DNA-IgG probe on microplate surface, (3) performance of DIRECT? and
comparison with convenient fluorescent trans-cleavage assay without
microplate.

3.2. Optimization of LFT strips

The screening of the compounds binding the mouse anti-FAM-IgG
included the comparison of anti-mouse-IgG, protein G, and protein A.
Polyclonal anti-mouse-IgG (amAbl, GNP-amAbl, GNP-amAb2) were
used to perform two combinations of LFT strips differing in combination
of conjugates and reagents in the test zones: 1) GNP-amAb2 and amAb1
and 2) GNP-amAb1 and amAbl. Protein G and protein A are clearly not
suitable for combination with anti-mouse-IgG in the sandwich LFT
because both would interact with antibodies. For both proteins, closely
spaced epitopes on the Fc IgG are known as the main binding sites for
antibodies (Kato et al., 1995; Sauer-Eriksson et al., 1995). However, for
both proteins, not only is high domain affinity known, but also are
additional binding sites in certain VH (protein A) and CH (protein G)
domains. Therefore, we performed all four possible combinations for
protein G and A: 3) GNP-protein A and protein A, 4) GNP-protein G and
protein A, 5) GNP-protein G and protein G, and 6) GNP-protein G and
protein A. The comparison of LFT strips was conducted using
anti-FAM-IgG with concentrations from 1 to 1000 ng/mL (Fig. 2). Only
the polyclonal IgG sandwich design of the LFT (combinations 1 and 2)
was able to detect anti-FAM in this concentration range. The combina-
tion (1) detected the antigen from 51.6 ng/mL (Fig. 2., Fig. S2). The
combination (2) was more sensitive and had a detection limit that was
equal to 4.9 ng/mL of anti-FAM-IgG (Fig. 2, Fig. S2). This difference
demonstrates that anti-mouse-IgG from other manufacturers may differ
in properties. Other combinations either showed no signal (3, 5, 6) or
caused aggregation of the GNP and a pronounced false positive signal
(4) (Fig. 2). Recognition sites of protein A and protein G partially
overlapped on the Fc domain of an IgG molecule according to Kato et al.
(1995), Sauer-Eriksson et al. (1995) and interfered with each other; this
was significant for LFT detection. In summary, the binding of
anti-FAM-IgG by polyclonal anti-mouse antibodies in a sandwich format
was appropriate for LFT detection of releasing anti-FAM-IgG.

Detection of the released anti-FAM IgG
by lateral flow test (LFT)

Gold
nanoparticle

goat anti-mouse IgG
antibody (IgG)

mouse IgG

Plastic layer / \___Control zone

Test zone " Nitrocellulose membrane

Fig. 1. Scheme of proposed platform — (DIRECT?) to detect Cas12 trans-cleavage activity.
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Fig. 2. Lateral flow test strips for anti-FAM IgG detection using different combinations of GNP conjugate and protein adsorbed in test zone: 1) GNP-amAb2 and
amAbl, 2) GNP-amAb1 and amAb1, 3) GNP-protein A and protein A, 4) GNP-protein G and protein A, 5) GNP-protein G and protein G, and 6) GNP-protein G and
protein A. White triangle notes show the control zone; black triangle notes show the test zone. Dash line represents eye-visible signal (2 arb.u.).

Combination 2 was selected for the following application.

3.3. Choice of scheme to form composite DNA-IgG probe on microplate
surface

We chose the concentration of the DNA part of the probe, anti-FAM-
IgG, and the sequence of their addition during the probe assembling
optimization. The formation of the DNA-IgG probe was optimized for a
streptavidin-covered microplate surface. First, the optimal amount of
biotin-dsDNA-ssDNA-FAM for binding to the microplate surface was
determined. We compared different concentrations of the biotin-dsDNA-
ssDNA-FAM upon saturation of the plate wells surface and found that all
tested concentration ranges demonstrated saturation from 10 nM. We
used an excess of the probe, and most of the biotin-dsDNA-ssDNA-FAM
remained unbound in the soluble fraction for each concentration
(Fig. S3A). The DNAsel digestion of the surface-bound biotin-dsDNA-
ssDNA-FAM demonstrated the same release amount of FAM at a con-
centration of 50 nM (Fig. S3B). Therefore, 50 nM of biotin-dsDNA-
ssDNA-FAM was chosen for the saturation of the streptavidin-covered
surface.

Three schemes to form the composite DNA-IgG probe on the
microplate surface were proposed and compared. To assess the effec-
tiveness of the formation of the DNA-IgG probe, an endonuclease
(DNAsel) treatment was performed that provided a total cleavage of the
DNA part of the probe and released the IgG part. The first implied pre-
liminary formation of the biotin-dsDNA-ssDNA-FAM-anti-FAM IgG
complex in the solution was followed by a binding of the complex to a
streptavidin-coated well and then a washing of unbound molecules
(Fig. 3A). Two ratios were tested: 1:1 (50 nM) and 1:5 (50 nM of the
probe and 250 nM of anti-FAM-IgG). However, even intensive washing
did not remove the background signal in the test zone of the LFT
(Fig. 3B). In the case of the 5-fold molar excess of anti-FAM IgG, the
background was higher. That strong signal can be explained by the
unspecific binding of the excess of anti-FAM IgG with the plate surface.

For the first scheme, anti-FAM IgG released after the endonuclease
treatment generated an LFT signal over the corresponding background
in both tested concentrations of the anti-FAM IgG. However, an excess of
anti-FAM IgG increased the background signal, hence lessening the
difference between signals in the DNAsel-treated and control samples.
Direct fluorescence detection of FAM bound with anti-FAM IgG
appeared to be unavailable. The IgG dramatically suppressed FAM
fluorescence. To estimate the non-cleaved probes remaining on the
microplate, ELISA with chemiluminescent detection was used. The ob-
tained results showed a decrease of anti-FAM IgG on the surface after the
DNAsel treatment (Fig. 3C), which proves the LFT results.

The second scheme included a sequential binding of the components,
biotin-dsDNA-ssDNA-FAM, then a washing of the unbound biotin-
dsDNA-ssDNA-FAM, followed by an addition of anti-FAM IgG
(Fig. 3D). Four concentrations of anti-FAM IgG (50, 100, 300, and 500
ng/mL) were tested. After washing the unbound IgG and conducting an
endonuclease treatment, LFT strips were used for the detection of the
released IgG reporter. No background signal was detected in samples
without endonuclease cleavage (Fig. 3E). Positive signals of released IgG
reporter correlated with the concentration of used anti-FAM IgG. The
amount of detected non-cleaved probes also correlated with the IgG
concentration (Fig. 3F).

The third scheme was based on a competition of bound and released
FAM for anti-FAM IgG (Fig. 3G). In this approach, the anti-FAM IgG (50,
75, and 100 ng/mL) was added after the endonuclease reaction. The
anti-FAM IgG was captured with released FAM or with bound FAM that
should be corresponded to a positive or negative LFT signal. However,
even when the endonuclease did not cleave the anti-FAM IgG remained
in the solution in sufficient quantity to demonstrate the false positive
LFT signal (Fig. 3H). Moreover, the extension of incubation time to 1.5 h
did not reduce the background signal (Fig. S4A). An analysis of the
bound, non-cleaved probe demonstrated the same effect (Fig. 3L,
Fig. S4B).

Upon the design of assembling strategies, we suggested two
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Fig. 3. Schemes of the composite DNA-IgG probe assembling on microplate surface: (1) Preliminary binding of DNA with IgG before surface immobilization; (2)
Sequential binding of DNA and IgG with microplate with adsorbed streptavidin before endonuclease treatment; (3) IgG binding after endonuclease treatment of
immobilized DNA part of the probe. A, D, G — graphical abstract of the schemes, B, E, H — LFT detection of released IgG reporter, C, F, I — ELISA of surface bound non-
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challenges: background signal and lower accessibility of ssDNA frag-
ment for an endonuclease. The first issue appeared as a false positive
signal and can be caused by an excess of the protein part of the probe, an
unspecific binding to the surface followed by dissociation, the dissoci-
ation of a reporter protein from its partner, or the dissociation of a
dsDNA stem. The problem of excess and unspecific binding can be solved
by the optimization of the washing procedure and the selection of a
blocking agent. Summarizing the optimization experiments, we chose
the second scheme with sequential binding of the biotin-dsDNA-ssDNA-
FAM and anti-FAM IgG (500 ng/mL) on the microplate surface before
the endonuclease treatment. This scheme demonstrated no false positive
signal and a high LFT response after the endonuclease cleavage. Obvi-
ously, the scheme can be modified further. Thus, the interaction of the
chosen pair (FAM-anti-FAM-IgG) was characterized by Kp equal to 1.5
x 108 M (for clone 2A3c according to the manufacturer). It is likely that
a more affine pair could enable the increase of anti-FAM IgG upon the
composite probe assembly because a less complex dissociation would
occur during stage of incubation with the activated Cas12. Moreover, a
protein tag covalently bound to DNA could increase the stability of the
probe. Extending the length of the ds and ssDNA parts can improve the
accessibility of the Cas12 to the cleavage region. Additionally, the use of
longer dsDNA can decrease the dissociation of its strands.

3.4. Performance of DIRECT? and comparison with convenient
fluorescent trans-cleavage assay without microplate

To perform the proposed DIRECT? for Cas12 trans-cleavage activity
detection, we used an IGS dsDNA target. The addition of the dsDNA

target activated the Cas12:gRNA complex. Primarily, we estimated the
amount of target required to activate the Casl2:gRNA complex in a
convenient fluorescent trans-cleavage assay without a microplate and by
using an ROX-dT15-BHQ2 probe. The minimal concentration of IGS
dsDNA target for Cas12:gRNA activation was equal to 0.05 nM (Fig. 4A,
Fig. S5). We performed DIRECT? in long and short forms. The long
protocol comprised preliminary activation of Casl2a in the solution for
30 min and then the addition of the DNA-IgG probe attached to the
surface for cleavage for 1 h. The short protocol included simultaneous
activation and cleavage stages in the well and proceeded for 30 min. For
this, the Cas12:gRNA complex was added in the well, then the IGS
dsDNA target was entered into the reaction. For long protocol, first
concentration when all repeated measurement reliably differs from
negative samples (more than sum of negative mean value and SD) was
0.05 nM. The long protocol of DIRECT? was characterized by LOD
equaled to 0.5 nM of the dsDNA target, while the short protocol had LOD
equaled to 1 nM of the dsDNA target (Fig. 4B). The obtained concen-
tration dependence for long protocol was approximated with sigmoidal
curve (R? = 0.98098) (Fig. S6). The precision of measurements was
estimated using relative standard deviation (SD%). Most of the mea-
surements in the long protocol of DIRECT? had SD% in the range of
16-28% (Table S2). For the short protocol, the range of SD% had wider
dispersion but also did not exceed 22.8% (Table S2). At the same time,
ELISA with the chemiluminescent detection of a non-cleaved probe on
the surface did not provide a reliable signal to separate the negative and
positive samples (Fig. S7).

No background signal in the control sample without the dsDNA
target was detected in the long form of DIRECT2. The rapid protocol
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demonstrated less pronounced signals and weak background signal near
2 arb.u. Both protocols had a short linear range of response and were
rapidly saturated. However, both protocols provided a direct depen-
dence of the coloration in the test zone on the amount of dsDNA target. A
comparison of the Cas12 and DNAsel using the DIRECT? platform
demonstrated an almost equal efficiency of these endonucleases in the
long protocol, and 3-fold gain in intensity of the DNAsel in the rapid
protocol (Fig. 4B, Fig. S8). These results demonstrated that the condi-
tions of the long protocol were optimal.

Additionally, we proved the possibility of DIRECT? with a probe
assembled by the first scheme (with the preliminary incubation of the
DNA and IgG parts) (Fig. S9). Despite a false positive signal, a variant of
equimolar binding of the DNA part of the probe with anti-FAM IgG only
demonstrated a significant difference in DIRECT? upon the addition of
the cis-activator, illustrating that DIRECT? functions with probe as-
sembly in different ways.

The successful results of using the DIRECT? for cleaved DNA detec-
tion were obtained for magnetic particles as carrier for the probe instead
microplate (Fig. S10). The detailed description is presented in Supple-
mentary Materials. Thus, the DIRECT? platform has prospects for at least
a microplate and magnetic particles as carriers.

The developed DIRECT? with long protocol has 10-less LOD and the
same sensitivity according visual assessment relative to the convenient
fluorescent trans-cleavage assay without a microplate and with an ROX-
BHQ2 probe. However, because of its use of LFT strips, DIRECT? does
not require equipment such as a fluorescence detector. Both approaches
have a short linear range of target concentration (Fig. 4A and B) that also
characterizes original DETECTR (Chen et al., 2018). In terms of
configuration, the DIRECT? differs from the LFT-DETECTR only in the
use of antibodies and a carrier, which will not lead to a significant in-
crease in the cost of the analysis. As for the time required to attach the
probe to the carrier, this can be done in advance. These stages could be
performed by lyophilizing and prepacking before the operation with
Casl2. The combination of the prepacked microplate with the probe,
LFT and Cas12 can be applied for development of POC diagnostic kit.
DIRECT? can be recommended for combination with some isothermal
amplification of DNA targets, like proposed tests based on the DETECTR
(van Dongen et al., 2020; Wang et al. 2020). The combination of
isothermal amplification with DIRECT? can significantly increase the
sensitivity of the assay.

Previous Casl2-based assays with LFT detection were based on the
signal in the test zone, dependent not only on the cleavage of the probe
but also on the binding of the non-cleaved probe in the control zone
(Chen et al., 2018). This LFT was realized with a reverse scheme and
required a fine optimization of the probe amount and probe-binding
compounds in LFT strips. Nonoptimal conditions can cause a false pos-
itive signal (Gootenberg et al., 2018). Another approach uses the direct
order of zones’ locations, but the LFT signal is disappears when the

trans-cleavage reaction occurs (Mukama et al. 2020a, 2020b; Wu et al.,
2020). This approach is less appropriate for a visual diagnostic because
it is challenging to discriminate between samples with weak and mod-
erate trans-cleavage activity.

Thus, the proposed probe for DIRECT? has not only shown its
effectiveness, but it also offers many options for further improvement
and evolution. Therefore, the developed DIRECT? platform provided for
the first time the detection of Cas12 cleavage activity with the direct
location of LFT zones and a direct dependence of color signal on the
target amount.

4. Conclusion

We developed the first LFT-based platform for the detection of Cas12
trans-cleavage activity with direct order of test and control zones and
direct analyte-signal dependence: DIRECT2. The proposed composite
DNA-IgG probe allows for visual identification of the released IgG re-
porter in the test zone located before the control zone. The direct order
avoids concern over an excess of probe or nonoptimal LFT compounds.
Our approach requires the carrier and the separation stage. The com-
posite probe must be connected to any surface appropriate for further
separation. The modular nature of the platform allows for the possibility
of further modification and improvement.
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