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� A rapid and low-cost strategy for
detecting genome-editing induced
deletion was developed.

� A rapid-MLPA was first introduced to
the LFNAB system.

� The entire detection process could be
shortened to 120min without any
large-scale instruments.

� The assay demonstrates at least 100-
fold less assay cost compared with
current gold standard.

� The method shows remarkable po-
tential in regards to international
trade, transparency, and freedom of
choice.
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Genome editing techniques have been implemented in human daily lives, which has created a high
demand for the development of new gene-edited product analysis methods. Conventional assays are
time-consuming, labor-intensive, and costly. This paper proposes a rapid and low-cost strategy for
detecting genome-editing induced deletion which works by integrating rapid-multiplex ligation-
dependent probe amplification (MLPA) with a dual-lateral flow nucleic acid biosensor (LFNAB) cascade in
a single-copy case. A rapid-MLPA was first introduced to the LFNAB system as a replacement for the
conventional PCR for enhanced specificity and accuracy. A dual-LFNAB was applied for the detection of
genome-editing induced deletion without any additional instrumentation or complex operation. After
optimization, we achieved the specific detection of wildtype alleles and deletion alleles in spiked
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Dual-lateral flow nucleic acid biosensor
Rapid-multiplex ligation-dependent probe
amplification
WUZHISHAN pig
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samples with a detection limit of 0.4 fM, which is comparable to that of electrophoresis-based detection
assays and fluorescent biosensors. To confirm the validity and feasibility of our strategy, we assayed two
pork samples from two WUZHISHAN pigs successfully. By comparing the detection results from next-
generation sequencing analysis, we found that the proposed cascade demonstrates at least 20-fold
shorter assay time and at least 100-fold less assay cost. To this effect, the proposed method is a rapid
and low-cost solution to sample-to-answer detection of genome-editing induced deletion and shows
remarkable potential in regards to international trade, transparency, and freedom of choice.

© 2018 Published by Elsevier B.V.
1. Introduction

Recent advancements in genome editing techniques such as
ZFNs [1], TALENs [2], and CRISPR-Cas9 [3] are revolutionizing our
ability to conduct efficient and directed alterations of the eukary-
otic genome. These include the functional knockout of endogenous
genes or alleles, the targeted induction or correction of specific
mutations or other polymorphisms, and precise modeling of ge-
netic contributions to normal cellular function [4]. The ability to
preciselymodify the genome in a targeted fashion has already had a
huge impact on basic scientific research, industrial biotechnology,
and especially medicine. At present, genome editing techniques
have been implemented in a number of food products under
permissive regulatory conditions [5]. Gene-edited crops and gene-
edited mushrooms have been free to enter the US market and be
sold without oversight by the US Department of Agriculture (USDA)
[6,7]. In other words, the transparency of international trade among
countries and the freedom of choice for consumers have together
created a demand for new gene-edited product analysis methods.

Previous studies demonstrated that next generation sequencing
combined with PCR amplification of targeted regions represents
the gold standard for quantitative determination of genome-
editing induced mutation [8]. This process, unfortunately, takes
two full days, is specific to particular sequencing platforms, and is
complicated by the laborious procedures [9]. Research teams led by
Miyaoka and Findlay have optimized this detection method by
using digital PCR technology to further improve its efficiency [8,10].
Although they did successfully detect rare genome-editing events,
these methods are still laborious and relatively expensive. The gel-
based methods for genome-editing induced detection, such as
polymerase chain reaction (PCR)/restriction enzyme (RE) assay and
T7 endonuclease I (T7E1) assay, are cost-effective but still require
highly complex operation including pouring the agarose gel,
loading samples, running the agarose gel, and analyzing the gel
[11]. A low-cost, truly convenient genome editing product detec-
tion method is paramount to moving forward with new projects in
this field.

Multiplex ligation-dependent probe amplification (MLPA) has
emerged as an alternative to standard PCR amplification for DNA
sequence detection [12]. The method is based on the multiplex
amplification of ligated probes, and exhibits better accuracy,
stronger robustness, and higher multiplex ability. Commercial
MLPA kits have been updated constantly and are now rather
advanced (http://www.mrc-holland.com/), but come with long
turn-around time [13,14] which hinders their wider application
significantly. There is urgent demand for newer, more rapid MLPA
techniques.

There are also limitations to the product detection technologies
of MLPA. Conventional MLPA is dependent on the length-based
discrimination of products, which requires electrophoresis-based
assays such as capillary electrophoresis and sequencing gel elec-
trophoresis [15,16]. A main drawback is the different sizes of
, et al., Rapid and low-cost st
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fragments holding different efficiencies within a multiple reaction,
which affects the determination of relative amounts [14]. In recent
years, biosensor-based assays based on uniform-size amplification
products have been developed to overcome this limitation,
including the electrochemical biosensor and fluorescent biosensor
[17e19].

Accordingly, lateral flow nucleic acid biosensor (LFNAB) is a
significant and powerful tool in analytical and detection fields due
to its simple operation, high sensitivity, and low cost [20e22]. In
our previous work, we successfully analyzed DNA methylations via
LFNAB and obtained a relatively low detection limit [22]. We also
successfully fabricated a multi-branched LFNAB for multiplex
nucleic acid detection, and applications such as stacked genetically
modified soybeans identification and microRNAs determination
have been reported [23,24]. This methodology seems to be readily
adaptable to MLPA products and shows interesting potential for the
detection of genome-editing products. The utility and performance
of such assays have not yet been thoroughly assessed, however.

In this paper, we report a rapid, sensitive, and inexpensive
strategy for genome-editing product detection on the basis of a
single-copy case. We first introduced rapid-MLPA to the LFNAB
system as a substitute for conventional PCR for better specificity
and accuracy. A dual-LFNAB was then applied to detect genome-
editing induced deletion without necessitating any additional
instrumentation or complex operation. As proof-of-concept, we
used a single-copy 90-bp length dsDNA from GGTA1 knockout pig
as a model sequence; the model reflects the crucial regulatory roles
in pig-to-human xenotransplantation [25,26]. TheWUZHISHAN pig
with one-base deletion from the wildtype was produced via TAL-
ENS system [25], but the proposed LFNAB can serve as a platform
for the detection of genome-editing products from an array of ap-
proaches and protocols. As discussed below, the rapid-MLPA and
dual-LFNAB cascade allowed us to identify both homozygous and
heterozygous gene deletion easily and quickly.
2. Materials and methods

2.1. Animals

The genome-edited WUZHISHAN pig used in this study was
generated by TALENS (the Institute of Plant Quarantine, Chinese
Academy of Inspection and Quarantine, Beijing, China). The wild-
typeWUZHISHAN pig we used was also provided by the Institute of
Plant Quarantine, Chinese Academy of Inspection and Quarantine.
2.2. Materials

Chloroauric acid tetrahydrate (HAuCl4$4H2O), NaCl, trisodium
citrate, Tween-20, bovine serum albumin (BSA), phosphate buff-
ered saline (PBS, pH 7.4, 0.01M), sodium chlorideesodium citrate
(SSC) buffer (20 concentrate, pH 7.0), Tris-Hcl buffer (pH 7.4,
10mM), and borate buffer (BB, pH 9.0, 0.1M) were purchased from
rategy for detecting genome-editing induced deletion: A single-copy
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Sigma Chemical Company (St. Louis, MO, USA). The anti-biotin
antibody, anti-FITC antibody, anti-digoxin antibody, and goat
anti-mouse IgG we used were purchased from Abcam Inc. (Cam-
bridge, MA, USA). Backing cards (HF000MC100), glass fiber sample
pads (CFSP001700), conjugation pads (GFCP000800), nitrocellulose
membranes (135s), and absorbent pads (CFSP001700) were pur-
chased from Millipore (Bedford, MA, USA). Double distilled water
(ddwater) was used throughout the experiments.

2.3. Rapid-MLPA procedure

2.3.1. Design of rapid-MLPA probes
The probes were designed using ABI PRISM Primer Express

version 2.0 software (Applied Biosystems, Foster City, CA, USA) as
presented in Fig. S1. Each probe consisted of a target-specific
sequence and common sequence. The annealing temperatures of
the target-specific sequence on the probes and template strongly
influenced the efficiency and specificity of our method, especially
during the first ligation reaction. Left and right hybridizing probes
were, minimally, 17 nucleotides long and had a melting tempera-
ture (Tm) of approximately 60 �C, which is consistent with the op-
timum reaction temperature of the ligase-65. Hence, the target-
specific sequences hybridized with the templates first and then
ligated during thermal cycling. Each common sequence on the
probe was aligned with BLAST (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) against the WUZHISHAN pig genome sequence (GENBANK:
AJKK01000000). No significant homology was found in any of the
four common sequences. All the oligonucleotides used in this study
(Table S1) were synthesized by Takara (Dalian, China).

2.3.2. Rapid-MLPA assays
Hybridization and ligation reactions were performed in 0.5-mL

PCR reaction vessels with a thermocycler (Applied Biosystems). An
initial incubation of 5min at 98 �C was followed by the addition of
1.5 mL of a mixture containing 0.75 mL MLPA Buffer (MRC-Holland,
Amsterdam, the Netherlands) and 0.75 mL of a solution containing
3 fmol of each probe (left and right). The mixture was incubated at
95 �C for 60 s to denature the probes, after which hybridization
took place at 60 �C for 5min. The ligation of MLPA probes was then
performed by adding 32 mL of a mixture containing 3 mL ligase
buffer A (MRC-Holland, Amsterdam, the Netherlands), 3 mL Ligase
Buffer B (MRC-Holland, Amsterdam, the Netherlands), 1 mL Ligase-
65 (MRC-Holland), and 25 mL of water. Ligation was performed for
7min at 54 �C followed by an incubation of 5min at 98 �C. The PCR
mix used for ligation product amplification (25 mL volume) con-
tained 10� rTaq buffer with 1 U of rTaq polymerase, 12.5 mmol of
each dNTP (Takara), 1 mL of each primer (10 nM), and 2 mL of tem-
plate from the ligation mix. DNA denaturation and polymerase
activation at 95 �C for 5min were followed by 35 amplification
cycles at 95 �C for 30 s, 60 �C for 30 s, and 72 �C for 60 s, with a final
step of 5min at 72 �C. The reaction mixtures were then cooled to
4 �C.

For real sample detection, genomic DNAwas extracted from the
pig samples using Qiagen DNeasy® Tissue Kits (Qiagen, Hilden,
Germany). The genomic DNA was found to be suitable as rapid-
MLPA templates. Other operations were conducted in the same
manner as the general procedure.

2.4. Dual-LFNAB procedure

2.4.1. Fabrication of AuNPs-antibody conjugate
AuNPs-antibody conjugates were synthesized following a pre-

viously published method with slight modification [22]. Briefly, a
50mL aqueous solution of 2.4� 10�4M HAuCl4 was heated to
boiling and 1.67mL of 1% trisodium citrate was added. The boiling
Please cite this article in press as: N. Cheng, et al., Rapid and low-cost str
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solution was stirred for another 30min, then stored at 4 �C until
use. AuNPs-antibody conjugate reactions were conducted by add-
ing 5 mL of 10mM anti-biotin antibody and 20 mL of 10% BSA solu-
tion into 1mL of AuNPs solution (pH 9.0 with borate buffer
solution), followed by incubation at room temperature with peri-
odic agitation for 1 h. The solution was then centrifuged at
13,000� g for 15min. Two phases were obtained: a clear-to-pink
supernatant of unbound antibodies and a dark red, loosely
packed sediment of the anti-biotin-AuNPs conjugates. The resulting
AuNPs-antibody conjugates were stored at 4 �C until further use.

2.4.2. Preparation of the dual-LFNAB
The dual-LFIAwas consisted of a triangle-shape sample pad, two

conjugate pads, two nitrocellulose membranes, two absorbent
pads, and an interoperable backing. The sample padwasmade from
glass fiber and saturated with 1� PBS containing 1% BSA and 0.25%
Tween-20, then dried overnight at room temperature. Two test
lines and two control lines were prepared by dispensing mouse
anti-FITC polyclonal antibody (or mouse anti-digoxin polyclonal
antibody) solution (1.0mg/mL) and goat anti-mouse IgG antibody
solution (1mg/mL) at different locations on the nitrocellulose
membrane with a BioDot BioJet BJQ 3000 dispenser (Irvine, CA).
The distance between lines was approximately 1 cm. The nitrocel-
lulose membranes were then dried overnight at 37 �C and stored at
4 �C. The conjugate pads and absorbent pads were assembled on
backing with an overlap of approximately 1e2mm. Single LFNABs
were cut at a width of 4mm using a Bio-Dot Paper Cutter module
CM4000 (Irvine, CA). Finally, two LFNABs with different test lines
were assembled together on the triangle-shape sample pad. The
assembled dual-LFIA was either used immediately or stored under
dry conditions at room temperature until further testing.

2.5. Detection of genome-editing induced deletion

Following rapid-MLPA, 75 mL of running buffer was mixed with
25 mL of the amplified product solution, then the mixture was
applied to the sample pad of the dual-LFNAB and migrated upward
by capillary force. The lines were evaluated visually after 4min;
naked-eye detection was performed simply by observing color
changes in the two test lines. The quantitative detection was per-
formed by recording the peak area of each line in ImageJ software
(http://rsb.info.nih.gov/ij). The entire detection process was trun-
cated to 120min without any large-scale instrumentation.

2.6. Other techniques for characterization

Agarose gel electrophoresis were performed using 2% agarose
stainedwith ethidium bromide. The amplification products for next
generation sequencing were sent to Sangon Biotech Company
(Shanghai, China). X-ray diffraction (XRD) pattern was performed
on a D8 ADVANCE X-ray diffractometer (Brucker AXS, Karlsruhe,
Germany). The morphologies of the nanomaterial were character-
ized by transmission electron microscopy (TEM) on a Philips
CM200 UT (Field Emission Instruments, USA) at an accelerating
voltage of 40 KV. The zeta potential was measured using a zeta
potential analyser (Brookhaven Instruments Co, USA). The UV-vis
spectroscopy was recorded on a spectrophotometer (QuantaMas-
terTM40) under the external excitation of a 250mW 980 nm laser
diode (RGB Laser systems). Fourier transform infrared (FTIR)
spectra was recorded in the range of 400e4000 cm�1 with
0.5e4 cm�1 resolution using a Tensor 27 FTIR spectrophotometer. X
ray photoelectron spectral (XPS) analysis was performed with a
Surface Science Instrument SSX-100. All measurements were per-
formed at room temperature.
ategy for detecting genome-editing induced deletion: A single-copy
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3. Results and discussion

3.1. Principle

Our strategy for detecting genome-editing induced deletion is
illustrated in Scheme 1. The deletion occurred on the pig GGTA1
exon 4 region (Scheme 1A). After DNA extraction, we used the
Scheme 1. Rapid-MLPA and dual-LFNAB cascade for detecting genome-editing
induced deletion. A) Brief summary of work flow; B) Rapid-MLPA procedure; C)
Dual-LFNAB procedure.

Please cite this article in press as: N. Cheng, et al., Rapid and low-cost st
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cascade based on rapid-MLPA and dual-LFNAB for rapid and low-
cost determination. Rapid-MLPA was used to generate numerous
double tags attached to duplex DNA products (Scheme 1B), which
involves amplification of the wildtype alleles and deletion alleles,
respectively. The solution for hybridization and ligation (step 1)
consists of a left probe, a right probe, and ligase-65. The left probe
and right probe partially hybridize to the target sequence. In the
presence of a complementary target sequence, the two probes
hybridize next to each other and are subsequently ligated followed
by conventional polymerase chain reaction (PCR) with two tag-
labeled primers (step 2). This involves a pair of FITC-primer and
biotin-primer for wildtype alleles and a pair of digoxin-primer and
biotin-primer for deletion alleles. Finally, the duplex DNA with
biotin- and FITC- (or digoxin-) attached are produced as a rapid-
MLPA product. In the absence of a complementary target
sequence, ligation does not occur and amplification of the two
rapid-MLPA probes does not take place.

The parallel design of our dual-LFNAB is the key to obtain high
sensitivity and specificity, which is based on careful consideration
of cross-reactivity and the limitation of Washburn's theory [27].
The principle of the dual-LFNAB is based on a sandwich reaction
(Scheme 1C). To run the reaction, mouse anti-biotin antibody-
modified AuNPs conjugates are pre-loaded on the two conjugate
pads. Mouse anti-FITC antibody and mouse anti-digoxin antibody
are immobilized on a nitrocellulose membrane to form the test
lines for wildtype alleles and deletion alleles, respectively. Goat
anti-mouse antibody, which works against mouse anti-biotin
antibody, is immobilized on the two control lines.

In our experiment, we applied sample solutions containing
rapid-MLPA products onto a sample pad. The solution then
migrated due to capillary action, and the hybridization reactions
among rapid-MLPA products, mouse anti-biotin antibody-modified
AuNPs conjugates, and corresponding antibodies were immobi-
lized on the test line, forming a sandwich construction. In a typical
assay, when wildtype alleles or homozygous deletion alleles are
present in the sample, only one visible red line can be observed on
one of the test lines (Figs. S2A and S2B). If genome-editing induced
deletion is heterozygous, two red lines can form (Fig. S2C). When
we applied a negative control sample onto the sample pad, no red
lines were observed on the test lines (Fig. S2D). Once the solution
passed through the control lines, the excess mouse anti-biotin
antibody-modified AuNPs conjugates were captured by the sec-
ondary antibody, thus two additional red lines appeared; this
indicated that the dual-LFNAB worked properly and that signals on
the test lines were reliable.

3.2. Characterization

3.2.1. Rapid-MLPA
Agarose gel electrophoresis was conducted to character the

feasibility of rapid-MLPA. We first detected the wildtype alleles and
deletion alleles individually, which can be viewed as a wildtype
gene sample and homozygous deletion gene sample. Then, wild-
type alleles were mixed with equal volume deletion alleles to
simulate a heterozygous deletion gene sample. After rapid-MLPA,
the products were detected by agarose gel electrophoresis, which
showed clear bright lines for all positive samples and confirmed the
feasibility of rapid-MLPA (Fig. S3). However, agarose gel electro-
phoresis cannot separate the rapid-MLPA products derived from
wildtype alleles and deletion alleles due to their same length.

3.2.2. Nanoparticles
It is important to know the exact crystal structure of the AuNPs,

which can be obtained by measuring the XRD spectrum. As shown
in Fig. S4, the distinct XRD peaks were indexed to the (111), (200),
rategy for detecting genome-editing induced deletion: A single-copy
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(220) and (311) planes of a face centered cubic (fcc) structure
(JCPDS 04-0783) revealing that the synthesized AuNPs are
composed of pure crystalline gold. We collected TEM images to
investigate the morphology of AuNPs. As shown in Fig. 1A, the as-
synthesized AuNPs were well dispersed and approximately 23 nm
in size. Fig. 1B showed a bright circle around AuNPs, which indicatd
the functionalization of antibodies. To further verify the successful
conjugation of antibodies, we measured the zeta potential and UV-
vis absorption spectra of gold nanoparticles before and after
modification. As shown in Fig. 1C, the zeta potential decreased
from �34.6 to �27.5mV for anti-biotin antibody conjugations,
which indicated successful antibody modification. As shown in
Fig. 1D, a well-defined peak with maximum absorptionwavelength
of 520 nm for AuNPs and 524 nm for AuNPs-antibody conjugates
were obtained which also confirmed successful antibody func-
tionalization. As shown in Fig.1EeF, a small peak around 1550 cm�1

and 2960 cm�1 corresponding to amide group and CH group were
observed after antibody modification in the FTIR spectra, which
also confirmed antibody functionalization successfully. In addition,
electronic state and chemical characterization have been carried
out by XPS techniques. In Fig. S5, the sample of AuNPs-antibody
conjugates showed a high peak at ~398 eV, which corresponds to
Fig. 1. Characterization of AuNPs and AuNPs-antibody conjugates. (A) TEM image of AuNPs
after antibody modification; (D) UV-vis absorption spectra of AuNPs before and after antib
jugates. Concentration of Au-NPs: 2.5 nM.

Please cite this article in press as: N. Cheng, et al., Rapid and low-cost str
case, Analytica Chimica Acta (2018), https://doi.org/10.1016/j.aca.2018.02
nitrogen present in the sample from anti-biotin antibodies and BSA.
It's clear to confirm that the anti-biotin antibodies and BSA have
been loaded on AuNPs successfully.
3.3. Optimization

To obtain the shortest analysis time and the optimal analytical
performance of the rapid-MLPA and dual-LFNAB cascade, we
employed wildtype alleles (1 pM) as a target to optimize the re-
action steps. Based on our previous work [15], the hybridization
time, ligation time, and PCR cycles were optimized with respect to
agarose gel electrophoresis in this system (Fig. S6). We found that
the intensity of target bands remained stable with increasing hy-
bridization time from 5min to 35min (Fig. S6A). The brightest band
was obtained under 7min for ligation (Fig. S6B) and 35 cycles for
PCR (Fig. S6C), thus marking the appropriate time for ligation and
optimized amplification cycles. The hybridization between target
and probes (left and right) was incubated for 5min, the ligation
between left probe and right probe was incubated for 7min, and
the cycle number for PCR was selected to be 35 in all subsequent
tests accordingly.

Considering that the accumulation of AuNPs on the lines can
; (B) TEM image of AuNPs-antibody conjugates; (C) Zeta potential of AuNPs before and
ody modification; (E) FTIR spectra of AuNPs; (F) FTIR spectra of AuNPs-antibody con-
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significantly affect the responses of the dual-LFNAB, various factors
were systematically investigated including the concentration of
AuNPs, AuNPs-antibody conjugate quantities, accumulation time,
and the type of running buffer (Fig. 2). AuNPs with different con-
centrations were prepared by dilution from stock solutions at
different folds. As depicted in Fig. 2A, the peak area remained
almost the same under 2-fold and 5-fold dilution, then decreased
sharply with the further increasing AuNP diluent folds. Taking into
account the cost, 5-fold dilution of AuNPs was considered optimal
for preparing the AuNPs-antibody conjugates for subsequent ex-
periments. As shown in Fig. 2B, the peak area increased up to 2.5 mL,
then decreased at 3.0 mL likely due to stereo hindrance between
targets and AuNPs-antibody conjugates. Therefore, 2.5 mL of AuNPs-
antibody conjugates was considered optimal and used in all further
experiments. Fig. 2C shows where the peak area added up to the
top at 4min remained stable between 4min and 10min. An accu-
mulation time of 4min was selected for all subsequent tests. Three
types of running buffers were compared as shown in Fig. 2D. The
best performance occurred with 4 � SSC þ2% BSA þ0.05% Tween-
20. This buffer offered an appropriate salt ion environment and pH
value for the reactions, thus effectively facilitating the detection of
rapid-MLPA products on the dual-LFNAB.
3.4. Sensitivity

It is very difficult to detect small amounts of nucleic acid,
because poor DNA quality is very common due to variations in the
abundant DNA in meat, blood, serum, plasma, urine, and other
body fluid. Under the optimal conditions described above, 10-fold
dilutions of deletion alleles (heterozygous) templates were sub-
jected to the rapid-MLPA and dual-LFNAB cascade to determine the
limit of detection. As shown in Fig. 3, the color of test lines was
dependent on the amount of target template. For quantitative
detection, the limit of detection (LOD) based on 3.3� standard
deviation (SD)/slope of calibration curve was calculated to be
Fig. 2. Dual-LFNAB cascade optimization with respect to peak area of test line. (A) Effect
different amounts of AuNPs-antibody conjugates: 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mL. (C) Effect of
types of running buffer. 1: 4 � SSC þ2% BSA þ0.05% Tween-20; 2: 10 mM PBS þ2% BSA þ0

Please cite this article in press as: N. Cheng, et al., Rapid and low-cost st
case, Analytica Chimica Acta (2018), https://doi.org/10.1016/j.aca.2018.02
approximately 0.4 fM (0.41 fM for wildtype alleles and 0.39 fM for
deletion alleles), which is comparable to that of normal-MLPA
combined with electrophoresis-based detection assays and elec-
trochemical biosensors (Table S3); however, the proposed assay in
this report is considerably quicker and cheaper.
3.5. Specificity

To evaluate the interference of undesirable deletion or insertion
samples, we tested the specificity of the proposed assay by using six
typical model targets: deletion A, deletion B, insertion C, insertion
D, insertion E, and random DNA sequences (Table S1). As shown in
Fig. 4, the signal of wildtype alleles and deletion alleles (homozy-
gous and heterozygous) was clearly distinct from those produced
by other members. No distinct red band was observed on the test
lines of dual-LFNABs in the samples absent of wildtype alleles or
deletion alleles, as expected. No cross-reactivity with other inter-
ference sequences was confirmed by deletion A, deletion B, inser-
tion C, insertion D, or insertion E. In addition, no signal was
observed in the random DNA sequences we ran as a control test,
indicating negligible nonspecific adsorption of the optimized dual-
LFIA. These results altogether indicate that the rapid-MLPA and
dual-LFNAB cascade is efficient in the discrimination of one-base
deletion.
3.6. Reproducibility

Reproducibility is a crucial indicator of practical application for a
rapid and low-cost judgment assays. The reproducibility of the
proposed approach was determined by testing various sample so-
lutions six times each. As shown in Fig. S7, the coefficients of
variation (CV) of the test for 1 pM wildtype alleles and 1 pM
deletion alleles (homozygous) were less than 3.0%, which indicates
favorable reproducibility. These results are quite promising with
respect to testing real gene-editing samples.
of different concentrations of AuNPs: 2-fold, 5-fold, 10-fold, and 20-fold. (B) Effect of
different accumulation time: 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, and 5 min. (D) Effect of different
.05% Tween-20; 3: 10 mM Tris-Hcl þ 2% BSA þ0.05% Tween-20.

rategy for detecting genome-editing induced deletion: A single-copy
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Fig. 3. Sensitivity of rapid-MLPA and dual-LFNAB cascade for detection of deletion alleles (heterozygous) with 10-fold dilutions. (A) Typical photo images of dual-LFNABs in the
presence of 106, 105, 104, 103, 102, 10, 1, 0.1, and 0 fM of deletion alleles (heterozygous). (B) Calibration curves of peak areas of test lines of wildtype alleles versus target concen-
trations. (C) Calibration curves of peak areas of test lines of deletion alleles versus target concentrations. Error bars indicate standard deviations of three measurements.

Fig. 4. Specificity of rapid-MLPA and dual-LFNAB cascade for determination. (1)
Wildtype alleles; (2) Homozygous deletion alleles; (3) Heterozygous deletion alleles;
(4) Deletion A; (5) Deletion B; (6) Insertion C; (7) Insertion D; (8) Insertion E; (9)
Random DNA. Concentration of all the DNA sequences: 1 pM.
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3.7. Detection of real samples

We tested two pork samples from two WUZHISHAN pigs to
further explore the potential application of the proposed assay in
real biological samples. The results we achieved for each sample
were compared to the results achieved by PCR-next generation
sequencing (gold standard) as summarized in Table 1. There was no
significant difference between our assay and the gold standard,
further confirming the accuracy and practicality of the proposed
approach for detecting genome-editing induced deletion. The
above results demonstrate that the device we developed in this
Please cite this article in press as: N. Cheng, et al., Rapid and low-cost str
case, Analytica Chimica Acta (2018), https://doi.org/10.1016/j.aca.2018.02
study can be applied for the analysis of real biological samples with
at least 20-fold shorter assay time and at least 100-fold less assay
cost (Table S2). Several different types of samples e wildtype or
genome-edited type e may be easily and affordably examined by
this method.

4. Conclusions and discussions

In conclusion, the rapid-MLPA and dual-LFNAB cascade pre-
sented here is a rapid and low-cost system facilitating the detection
of genome-editing induced deletion in single-copy cases.
Compared to next-generation sequencing analysis, the rapid-MLPA
and dual-LFNAB cascade demonstrates at least 20-fold shorter
assay time and at least 100-fold less assay cost. The process is
initiated by only small amounts of DNA and the results analysis is
simple to operate. The proposed dual-LFNAB is a universal platform
which can be used to analyze any tag-modified rapid-MLPA prod-
ucts. The cascade is also a universal assay for detecting gene-edited
products with specific-site deletion. Taking WUZHISHAN pig as an
example, this method is also useful for genotypes analysis of their
offspring. One base deletion, as described above, is the most diffi-
cult situation to detect e to this effect, a similar strategy can be
carried out by minor changes of probes to detect additional de-
letions. Therefore, the proposed assay may be readily implemented
in rapid discrimination between gene-edited mutation and off-
target at specific-site during genome-editing. Because this is a
specific-site deletion case with single copy in the cell, this assay is
an accurate measure of allele targeting frequency. If there are
multiple-sites deletion, more primers should be introduced in the
system. If there are multiple copies of the target, however, the
ategy for detecting genome-editing induced deletion: A single-copy
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Table 1
Comparison of rapid-MLPA and dual-LFNAB cascade results to PCR-next generation sequencing results.

Sample Rapid-MLPA and dual-LFNAB cascade PCR-next generation sequencing

Image Result Image Result

1 Wildtype alleles Wildtype alleles

2 Homozygous deletion alleles Homozygous deletion alleles

N. Cheng et al. / Analytica Chimica Acta xxx (2018) 1e88
situation becomes complicated; this will be focused on our next
paper. If there are nucleotide replacement, gene deletion and gene
insertion on an unknown site, our proposed method is not
applicable.
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