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Abstract: Genetically modified (GM) animals have attracted considerable attention and faced chal-
lenges. Human serum albumin (HSA) GM goats have been used to produce goat milk with serum
albumin from humans, which has shown great potential in the market. Establishing an accurate
method to distinguish goats with a genome modified by HSA has become necessary. Here, we estab-
lished a platform to detect HSA GM goats by combining the advantages of recombinase polymerase
amplification (RPA) and lateral flow dipstick (LFD) strategies. The whole detection process could be
completed within 1 h, obtaining a direct result that could be visualized by a characteristic red band
after a quick amplification under a constant temperature of 42 ◦C in the RPA experiments. Moreover,
the GM goats could be identified with a detection limit of 0.1 ng using our method. Therefore, this
study provided a rapid and convenient RPA-LFD method for the immediate detection of HSA GM
goats. This will be useful for the identification of HSA GM goats, which may be used to distinguish
the mixture of GM mutton and normal mutton.

Keywords: genetically modified goats; human serum albumin; recombinase polymerase amplification;
lateral flow dipstick

1. Introduction

Human serum albumin (HSA) exhibits a wide spectrum of biological functions.
Over 500 tons of HSA is demanded annually worldwide, and the market value exceeds
$1.5 billion [1,2]. Currently, the main commercial supply of HSA comes from human
plasma [3]. However, this approach is limited by production capacity and increases the risk
of viral infections [4,5]. The propagation of genetically engineered specimens in various
mammalian species as bioreactors is the best choice to solve this problem [6]. Geneti-
cally modified animals, including domestic goats, are produced by applying the somatic
cell nuclear transfer (SCNT)-based cloning strategy with the use of in vitro-transfected
cells, SCNT-mediated multiplication, and/or the subsequent assisted crossbreeding of
existing transgenic animals that had been formerly generated using the standard tech-
nique of intrapronuclear microinjection of zygotes with gene constructs [7–11]. Currently,
transgenic goats are produced using the somatic cell nuclear transfer strategy, and their
udders are bioreactors that synthesize recombinant human therapeutic proteins, includ-
ing β-lactoglobulin protein, recombinant human antithrombin, and recombinant human
lactoferrin [12–14]. However, there are still many controversial issues concerning ge-
netically modified organisms (GMOs), with safety assessments being the most critical
issue [15]. Detection technology, with reliable, sensitive, and convenient nucleic acid detec-
tion characteristics, is the key to ensuring the success of the safety evaluations of GMOs
and their products [16].
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Isothermal amplification is a promising method in genetically modified animal identi-
fication because of its rapid and effective amplification at a constant temperature without
the need for thermal cycling [17–19]. Recombinase polymerase amplification (RPA) is a
recent isothermal nucleic acid amplification technique that simulates the process of DNA
replication in cells. It can complete nucleic acid amplification in less than 1 h in a tempera-
ture range from 37 to 42 ◦C [20–22]. Through the RPA strategy, researchers have developed
many novel techniques for nucleic acid amplification and detection [23–26]. Because the
lateral flow dipstick (LFD) is highly sensitive, convenient, rapid, and does not require any
equipment, it has great application prospects in the field of detection [27,28]. To date, LFDs
have been used for the detection of genetically modified crops [29,30], nucleic acids [31],
and viruses [32], etc. In addition, RPA products can be further detected using LFDs in only
5 min, and they do not require any special equipment. Moreover, the results are visible with
the naked eye [33]. The RPA method, combined with a lateral flow dipstick (RPA-LFD), has
been widely used, and it has the advantages of high sensitivity and simplicity in detection
and operation. Only a few minutes are required to carry out the whole test process, there
is no need for any special equipment, and the results can be visualized directly [34,35].
Therefore, RPA-LFD has become a promising method to be applied in transgenic nucleic
acid detection.

In this study, RPA-LFD was applied for the rapid, sensitive, and visual detection of
HSA transgenic goats. The RPA-LFD reaction can be completed within 1 h, and the results
can be observed visually without using additional instruments. Transgenic ingredients
as low as 0.1 ng could be detected in the HSA transgenic goats using RPA-LFD, whose
detection results were comparable to the results of ordinary PCR. Therefore, our new
method holds great promise in the identification of HSA transgenic goat samples.

2. Materials and Methods
2.1. Sample Preparation and DNA Extraction

The blood samples of transgenic and non-transgenic goats were supplied by Shanghai
Transgenic Research Center. The genomic DNA (eight DNA samples for transgenic goats
and seven DNA samples for non-transgenic animals) was extracted using the proteinase
K-SDS-phenol/chloroform protocol [36]. A NanoDrop 2000 Spectrophotometer was used
to measure DNA concentration and purity (Thermo Fisher Scientific, Waltham, MA, USA).

2.2. RPA Primer Design

To identify HSA GM goats, we first screened the genome to find a conservative se-
quence of HSA as a candidate sequence. The sequence of the HSA gene was critically
evaluated against that of different species (pigs, cattle, buffalos, sheep, goats, chick-
ens, and ducks) using BLAST software. To further analyze the homology of the se-
quence, target sequences of different species were downloaded from the Ensembl database
(http://asia.ensembl.org/index.html, accessed on 3 February 2019) and aligned with the
HSA sequence using ClustalW software. As shown in Figure 1, the candidate sequence
showed high specificity in humans compared with the sequences of other species. It
had a low identity with pig (85%), cattle (78%), buffalo (78%), sheep (78%), goat (80%),
chicken (0%), and duck (0%) sequences. On the basis of the instruction manuals of the
TwistAmp®nfo kits, Primer Premier 5.0 software was used to design species-specific RPA
primers (30–35 bp, GC content 30–70%) without probes for RPA detection in the selected
HSA-specific sequence. Figure 1 shows primer mismatches with sequences from other
species in the primer binding region. A pair of preferred primers were selected for RPA
analysis by screening the candidate primers. The primers were chemically modified for
LFD detection. A normal forward primer was labeled Biotin at the 5′end (Biotin-F: 5′-Biotin-
CAAGAAGGCATCCTGATTACTCTGTCGTGC-3′), and FITC was labeled at the 5′end of
the reverse primer (FITC-R: 5′-FITC-TGTAACGAACTAATAGCGCATTCTGGAATT-3′).
Specific primers were applied to detect HSA transgenic goats using RPA (Table 1).
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Figure 1. Specificity analysis of target sequence (transgenic goats) and location of the RPA primers.
BLAST and ClustalW results of target sequence (transgenic goats) with genomic sequences of other
species (non-transgenic): pigs (85%), cattle (78%), buffalos (78%), sheep (78%), goats (80%), chickens,
and ducks (0%). Biotin-F: forward primer, FITC-R: reverse primer.

Table 1. Oligonucleotide primers for the RPA-LFD assay in this study.

Primer Name Sequence (5′–3′)

Biotin-F Biotin-CAAGAAGGCATCCTGATTACTCTGTCGTGC
FITC-R FITC-TGTAACGAACTAATAGCGCATTCTGGAATT

2.3. RPA Reaction System Optimization

RPA amplification was conducted according to the operation manual of the TwistAmp®

Basic kit. Each RPA reaction was conducted in an RPA tube of 50 µL reaction mixture: FITC-
R/Biotin-F (10 µM), a DNA template of 2 µL (50 ng/µL), ddH2O, and a rehydration buffer
of 29.5 µL. All components were added to the freeze-dried pellet and thoroughly mixed. To
initiate the reaction, 2.5 µL of 280 mM magnesium acetate (MgAc) was added. Amplification
results were detected by approximately 1.5% agarose gel electrophoresis (AGE).

To establish the RPA assay, initial investigations were carried out to explore primer
concentrations and to test different amplification temperatures. Four concentrations,
0.1 µmol/L, 0.15 µmol/L, 0.2 µmol/L, and 0.25 µmol/L, were selected to determine the
optimal primer concentration. Then, RPA amplification was performed at a 38–42 ◦C (2 ◦C
per gradient interval) reaction temperature under the conditions of the optimized primer
concentration.

2.4. Preparation of Antibody-Modified Gold Nanoparticles

Gold nanoparticles were prepared following previously reported methods [37,38].
Briefly, 2 mL of 1% HAuCl4 and 1% trisodium citrate (3.6 mL) were slowly added to 200 mL
of boiled ddH2O. Then, the solution was boiled to become a stable wine-red color. Then,
0.1 mol/L K2CO3 (150 µL) and 10 mM monoclonal FITC antibody (60 µL) were added to
the AuNPs solution (10 mL) to enable the coupling of the AuNPs and antibody. After that,
10% BSA solution (1.2 mL) and 2% PEG2000 (292 µL) were added to the coupling solution.
Then, the AuNP antibody conjugate was centrifuged for 30 min and suspended in 2 mL
borate buffer solution. The conjugates were stored at 4 ◦C for further use.

2.5. Preparation of Lateral Flow Dipsticks

We assembled LFDs with four different types of functional components, namely, a
sample pad, conjugate pad, nitrocellulose membrane, and absorbent pad, by partial super-
imposition. The sample pad was used for sample loading. The conjugate pad was made of
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a cellulose film for the release of AuNP-FITC conjugates. For signal generation, monoclonal
Biotin antibody solution (1 mg/mL) was sprayed on the nitrocellulose membranes to
generate test lines (T line), and FITC secondary antibody solution (1 mg/mL) was sprayed
on the nitrocellulose membranes as the control line (C line). The sample pad, conjugate
pad, nitrocellulose membrane, and absorbent were assembled on a support plate to form
the LFD.

2.6. Detection of GM Samples with RPA-LFD

For PRA amplification product detection, 48 µL of running buffer was used to dilute
2 µL amplification products, and the mixture was added to the sample pad of the LFD for
5–10 min. The results were determined by observing the colors of the test lines.

3. Results
3.1. Optimization of RPA-LFD Assay

To improve the performance of RPA-LFD, different culture temperatures and times
were selected to explore the appropriate conditions for RPA-LFD detection. Numerous
factors affect RPA amplification reactions. To improve the performance of RPA-LFD, we
reduced the number of members of the reaction system without probes to decrease the
complexity of the reaction. Primer dimers have been found to cause false positives due
to the accumulation of AuNPs on the test line [19] and to strongly influence the efficiency
of RPA. In our study, the concentrations of the primers were optimized to avoid primer
dimers. The suitable primer concentrations for the RPA-LFD assay were explored by
selecting four different primer concentrations (1 µmol/L, 0.15 µmol/L, 0.2 µmol/L, and
0.25 µmol/L). The transgenic goat DNA was used as a template to determine the suitable
RPA-LFD conditions, which amplified the 231bp DNA product. RPA amplification was
carried out at a suitable reaction primer concentration of 0.1 µmol/L, because there is
no non-specific amplification and primer dimer at this primer concentration for RPA
amplification (Figure 2A).
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The RPA reaction mixture was used at three temperatures (38–42 ◦C) for 30 min at
the optimized primer concentration to explore the suitable reaction temperature, and the
reaction time was chosen based on the previous experiments of our research team [30]. The
detection result showed that the suitable reaction temperature was 42 ◦C (Figure 2B). RPA
can only be amplified with one pair of primers. Compared with Loop-mediated isothermal
amplification (LAMP), this design is relatively simple and convenient [39]. The established
method is suitable for the detection of transgenic goats, which is fully demonstrated by
these advantages.
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3.2. Specificity of RPA-LFD Assay

The specificity of primers plays critical role in the detection of genetically modified
animals. To assess the specificity of the established RPA-LFD method, the genomic DNAs
extracted from seven non-transgenic animals, namely, goats, pigs, cattle, buffalos, sheep,
chickens, and ducks, were tested using RPA-LFD as shown in Figure 3. Consistent with the
expected results, LFB only showed a positive signal in the positive control (PC) samples of
the transgenic goats, and a control line and a test line were simultaneously observed in the
detection zone. Moreover, the other non-transgenic samples only showed a control line,
with no color in the test line. These results indicate that the RPA-LFD assay can successfully
distinguish its target DNA from that of non-transgenic animals without cross-reaction or
false positive signals were observed, and that the HSA transgenic RPA-LFD assay is specific
for the detection of its corresponding target.
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Figure 3. Specificity assay of RPA-LFD: PC, positive control, transgenic goat DNA; NC, negative
control, non-transgenic goat DNA; lines 1–6 represent DNA of non-transgenic animals, namely, pigs,
cattle, buffalo, sheep, chickens, and ducks, respectively; BC, blank control, water.

3.3. Sensitivity of RPA-LFD

The RPA-LFD system showed effective performance, including sensitivity and stability.
To determine the detection threshold of the RPA-LFD assay, a dilution series of transgenic
goat DNA with concentrations of 0.01, 0.1, 10, and 50 ng were performed for the RPA-LFD
sensitivity analysis. The template for the negative control was sterile ultrapure water. As
shown in Figure 4, as the concentration of the template decreased, the red band in the
test line gradually weakened until it faded, and the amplification products decreased.
When the concentration was reduced to 0.1 ng, a light red band still appeared on the test
line. However, when the content was lower than 0.1 ng, the detection signal could not
be observed (Figure 4A). Therefore, the detection limit of the RPA-LFD method is 0.1 ng,
which means it is highly sensitive.
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The sensitivity of the RPA-LFD assay was further compared with that of conventional
PCR, followed by agarose gel electrophoresis (PCR-AGE). A conventional PCR was per-
formed using the same DNA template and RPA primers as described above. The results
indicate that the sensitivity of the RPA-LFD assay was equivalent to that of a conventional
PCR of 0.1 ng (Figure 4B).

3.4. Application of RPA-MLFD in GM Goats

Finally, to test the efficiency of the RPA-LFD assay screening of genetically modified
samples, the DNAs of nine animals (transgenic goats and non-transgenic goats) were
selected as templates to validate the reliability of RPA-LFD. All samples were tested
according to the optimized RPA-LFD assay reaction system, and the result can be observed
in Figure 5. According to the results, the test line was present in eight transgenic samples.
However, the test line was not observed in the negative and blank controls, and the LFD
worked normally. The RPA-LFD test results are consistent with the information provided
by the sample developer.
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Figure 5. Detection of transgenic samples: NC, negative control, non-transgenic goat DNA; BC, blank
control, water. Lines 1–8 represent transgenic goat DNA.

4. Discussion

In this study, we propose a high-sensitivity, easy-to-use, less time-consuming, and cost-
efficient RPA combined with the LFD analysis method for the detection of HSA in transgenic
goats. A pair of primers targeting the conserved region of HSA was designed, and the
target product was successfully amplified in less than 1 h under isothermal conditions.
The specificity of this method was confirmed by the fact that no amplification products
were observed in non-transgenic samples. Therefore, the RPA method is an effective and
proper method with high credibility for the detection of exogenous nucleic acid in HSA
transgenic goats.

However, the RPA-LFD method was performed in isothermal conditions without
thermal cyclers. The RPA method only took 30 min, while PCR took 2 h in our study.
Furthermore, we compared the reported methods for the detection of GMOs (Table 2).
Compared with PCR methods, the RPA-LFD method does not require an expensive thermal
cycler, and it is rapid and more convenient. The RPA-LFD method is faster and more
convenient than other isothermal nucleic acid amplification methods (such as the LAMP
method) because it only takes tens of minutes to complete the entire reaction time and the
primer design is relatively simple. Therefore, the RPA-LFD method has great advantages
for the detection of transgenic animals.

Table 2. Comparison of RPA-LFD with other methods for detection of GMOs.

Analytical
Method

Instrument
(Thermal Cycler)

Time for
Detection a

Suitability for
On-Site Testing Reference

Conventional PCR Need About 2 h Unsuitable [40]
ddPCR Need >3 h Unsuitable [41]

Real-time PCR Need >2.5 h Unsuitable [42]
LAMP No need About 2 h Suitable [43]

RPA-LFD No need About 30 min Suitable This study
a It does not include DNA extraction time.
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5. Conclusions

In this study, we established a novel RPA-LFD assay for HSA detection. The whole
RPA-LFD reaction process can be completed within 1 h, and the results can be determined
by the naked eye without using additional instruments. The detection limits of the RPA-
LFD and PCR were as low as 0.1 ng in our study. This meets the national threshold of
transgenic detection. In addition, we also tested real transgenic samples, and the detection
rate achieved 100%, indicating that the method has good repeatability. In this study, the
RPA-LFD method for the detection of GMO events was tested and demonstrated in terms
of specificity, stability, and reproducibility. In conclusion, this method offers significant
advantages, not only because it is rapid, has a low-cost, and is easy to use, but also because
it is highly specific, sensitive, visual, and credible. Thus, it might be a rapid, convenient,
and accurate detection system for GMO.
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