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The protection of the consumer against foodborne illnesses and fraudulent practices requires methods capable of
detecting critical components. Classical instrumental and DNA-based technologies have assay time, portability,
and cost limitations. Thus, food control needs alternative methodologies for massive and cost-effective screening.
Herein, we report an instrument-free method based on detecting genes that encode proteins related to food
allergies and ingredients associated with illegal practices. Tailed recombinase polymerase amplification (tailed-
RPA) provided the selective isothermal amplification of target regions. A reproducible and fast optical detection
was developed based on the salt-induced aggregation of 15 nm gold nanoparticles (AuNPs). The target presence
was directly observed (naked-eye detection) and quantified using a smartphone and RGB image decomposition.
The advantages arise from the effective formation of a hybrid complex between non-functionalized nanoparticles
and amplification products with a single-strand tail, featuring short incubation time, simplicity, and low sample
and reagent volumes. As proof of concept, two targets were determined: trnL gene and ITS region. The first
sequence is located in the chloroplast genome of cereals and is valuable to control the adulteration of meat
products. The second is a fragment common to the three main gluten-containing cereals, applicable to the in-
direct detection of this allergen. The novelty also is the integration of a low-cost assay platform and a
straightforward interpretation system to foster its implementation in the industry. The RPA-AuNP assay offered a
good sensitivity (genomic DNA 0.8 ng), selectivity (absence of unspecific response), reproducibility (standard
deviation 2-11%), and accuracy in marketed food products (100%). Therefore, a competitive biosensing system
enables better control according to food industry/consumers demands from Farm to Fork strategy.

1. Introduction

Prevention and control systems are required throughout the food
chain by checking every segment from production to the consumer. The
application of biomolecular techniques in laboratories, such as immu-
noassays and DNA-based techniques, increases every day (Bansal et al.,
2017; Lo & Shaw, 2018). They provide valuable information to deter-
mine compliance with voluntary thresholds (industrial practices) or
mandatory requirements (law and regulations). PCR-based methods
lead the bioanalytical techniques due to extraordinary sensitivity and
specificity. But, most are not affordable enough, user-friendly, rapid
considering the requirements of massive use in the food sector. For
instance, an essential drawback of PCR-based methods is the

requirement of lab-based thermal cycler and detection equipment (e.g.,
gel electrophoresis, fluorimeter). Additionally, more than 90% of the
total time is due to temperature cycling rather than amplification. In the
last decades, advances have provided new tools for fast, portable ap-
proaches. The proposed solutions include portable thermal cyclers,
gPCR instruments, microfluidic devices based on isothermal amplifica-
tion techniques, and nanomaterials for non-fluorescent detection.

Gold nanoparticles (AuNPs) are excellent optical transductors
enabling a viable alternative for colorimetric sensing (Valentini &
Pompa, 2013). These nanomaterials show a strong light absorption
within the visible region due to localized surface plasmon resonance.
Their color is tunable depending on the particle size, and their aggre-
gation causes a visual color change.
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Several colorimetric methods have exploited the aggregation of
AuNPs upon selective recognition of target nucleic acids or other ana-
lytes (Chang et al.,, 2019). An interesting review article about the
application in detecting food nuisances has been recently published,
including heavy metals, veterinary drug residues, pesticide drug resi-
dues, toxins, and hazardous substances (Chen et al., 2018). In the most
general category of AuNPs-based assays, the target nucleic acid acts as a
cross-linker between two DNA-functionalized particles, complementary
to two adjacent regions on the target sequence (Cao et al., 2002).
However, they require precise covalent modification and a long prepa-
ration time.

Alternatively, direct salt-induced aggregation of unmodified nano-
particles has been used (Li & Rothberg, 2004). The repulsion of initially
adsorbed negative ions (e.g., citrate) at high salt concentrations is
screened. Thus, the strong van der Waals attraction between AuNPs
leads to a color change compared to colloidal gold. The biosensing
principle resides on the stabilization caused by several molecules. As the
presence of single-strand DNA (ssDNA) inhibits this process, screening
assays have been reported based on unmodified gold particles (Li et al.,
2018; Yun et al., 2016). However, the described naked-eye solutions
have been demonstrated for ssDNA targets at high concentrations
(nM-pM) or PCR products after a denaturing process, reducing the po-
tential features of this biosensing assay.

Recent studies reported a gold nanoparticle-mediated method com-
bined with loop-mediated isothermal amplification (LAMP) for the rapid
and accurate diagnosis of pathogens (Srimongkol et al., 2020; Ye et al.,
2018).

Isothermal amplification reactions simplify the process by avoiding
the thermal aperture of the double-stranded template at 90-95 °C.
Specific primer designs, polymerases, or combinations of enzymes ach-
ieve replication as an alternative to the conventional approach (Li &
Macdonald, 2015; Zhao et al., 2015). Then, reactions are performed
using only a heating block, peltier, ovens, or similar heating systems.
Applications of the consequent simplified and miniaturized assays have
demonstrated sensitive detection of target genes with rapid-response,
cost-effectiveness, high robustness, and reproducibility (Giuffrida &
Spoto, 2017). Different technologies have been coupled to isothermal
techniques for the sensitive detection or quantification of amplified
products, such as electrochemistry, microarrays, and dye-based fluor-
ometry (Deng & Gao, 2015). But, in some cases, the proposed solutions
are not instrument-free or require specific chips, limiting the actual
implementation to decentralized laboratories.

Our research aimed to develop a colorimetric AuNPs-mediated
method for the enhanced detection of genes that encode proteins
related to food safety. The adsorption mechanism is based on electro-
static interaction, then the functionalization of particles or the target
DNA is not required. The research focused on a novel integration of an
isothermal amplification technique and smartphone detection. The
chosen isothermal technique is recombinase polymerase amplification
(RPA) using tailed primers. Compared to other isothermal processes, this
reaction shows essential advantages, such as low working temperature
(36-40 °C), simple primer design, fast-amplification (20-60 min), no
initial heating step, and robust to biological substances (Lobato &
O’Sullivan, 2018). In addition, this amplification is compatible with
several assay formats for point-of-need applications (Santiago-Felipe
et al., 2016; Tortajada-Genaro et al., 2019). The goal was to generate
RPA products with single-strand regions to modify the color of gold
colloidal suspension, which can be detected with the naked eye even at a
relatively low concentration.

Furthermore, an assay of RPA-AuNPs, supported on smartphone
detection, provided an objective interpretation to be potentially applied
in several food safety scenarios. Therefore, the novelty of this research is
the colorimetric detection of products from an isothermal amplification
technique based on the aggregation of unmodified AuNPs and its reli-
able read-out. Without oligo functionalization, thermal cycles, probe
hybridization, or fluorescence labeling, the studied approach adds more
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simplicity and portability to the DNA-based screening of food products.
2. Material and methods
2.1. Reagents and materials

Nucleotide sequences of target genes were obtained from the Na-
tional Biotechnology Information Center database (NCBI) (https://www
.ncbinlm.nih.gov/) and satisfactorily confirmed by the NCBI's Basic
Local Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). The sequences of the specific primers designed are shown in
Table SI1. All the oligonucleotides, purified by HPLC, were purchased
from Eurofins Genomics (Germany).

AuNPs were prepared according to literature (Gonzalez-Dominguez
et al., 2018). Briefly, a trisodium citrate dihydrate solution (12.5 mL,
38.8 mM) was added to a boiling solution of gold (III) chloride trihy-
drate (250 mL, 0.5 mM) for reagents from Sigma-Aldrich. The resulting
mixture was stirred for 15 min until a wine-red color was obtained and,
subsequently, cooled at room temperature at low stirring. The prepared
AuNPs were characterized by transmission electron microscopy and
UV-Visible spectroscopy. Particles were concentrated by centrifugation
at 10,000 rpm for 10 min (2 cycles) and kept at 4 °C. The final con-
centration was adjusted to 4 nM.

2.2. Samples and DNA extraction

For optimization and in-house experimental validation, binary mix-
tures of pure ingredients -wheat flour and onion - were prepared. For
optimizing the application of cereal detection, mixtures of flours and
minced meat from chicken (0-20%) were prepared. For the application
of gluten detection, gluten-free ingredients and wheat flour at repre-
sentative low spiked levels. The gluten amount was established,
assuming the percentage of gluten proteins as an overall 10% of the
cereal weight (Biesiekierski, 2017). The novel RPA-AuNP method and
reference methods analyzed commercial products bought in local
supermarkets.

Genomic DNA of food products was extracted using spin column
technology (GMO Extraction Kit, Life technologies). The concentration
(ng/mL) was determined by spectrophotometry (NanoDrop 2000c;
ThermoFisher Sci.) and by fluorimetry (Qubit dsDNA HS Assay Kit,
ThermoFisher Sci.). Solutions of the purified genomic DNA were diluted
to 4 ng/pL.

2.3. Tailed-RPA amplification and colorimetric detection

The reagents used for the genomic DNA amplification came in the
TwistAmp Basic RPA kit (TwistDx, UK). The mixtures (10 pL) were
prepared with the enzyme pellet in rehydrated buffer, 7 mM of mag-
nesium acetate, 240 nM of upstream primer (tailed primer), 240 nM of
downstream primer, and 4 pL of DNA extract. Each experimental batch
included a negative sample (human genomic DNA) as an assay control.
The employed heating system was a thermal block, operating at 37 °C
for 40 min. RPA products were purified by a silica column (PCR puri-
fication kit, Jena Bioscience, Germany), following the manufacturer’s
instructions.

The products (1 pL) were mixed with the detection solution (5 pL),
containing AuNPs at 1:10 dilution and citrate buffer at 100 mM pH =
6.75, and dispensed onto a plastic membrane (Parafilm®, Bemis Com-
pany, Inc.). The addition of NaCl solution at 100 mM (4 pL) started the
aggregation. After 10 min, the observed color was registered, and a
smartphone (Huawei P10 Plus) captured images of the solution drops
under controlled illumination conditions (Figure SI1). Image analysis
was performed by two free-access software. Color Detector RGB
(application for Android) allowed direct processing in the smartphone,
and the ImageJ software (National Institutes of Health, USA) processed
the images on a personal computer. For the quantitative determination,
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the output was the red channel signal minus the signal of the blue
channel (R-B).

2.4. Reference methods

Electrophoresis detection. The amplification products were
determined by electrophoretic separation in 3% (w/v) agarose gels at
110 V potential for 30 min. The samples were mixed with loading buffer
(glycerol loading dye, Fisher Sci.) and fluorescent dye (Real Safe stain-
ing, Durviz, Spain) and loaded on the gel. Bands were visualized using a
transilluminator at 312 nm (ECX-F20.M, Vilber, Germany), and the
product length was determined using a size standard (mini DNA ladder
50 bp ExactGene, Fisher Sci.).

Real-RPA. Real-time thermocycler (TS2, Qiagen) was also used to
optimize the RPA assay in real-time and end-point formats.

PCR. The reaction mixture (12.5 pL) was prepared by adding 0.4 U
Taq polymerase, 3 mM MgCl,, and 200 pM dNTPs to the reaction buffer.
The primer concentrations used for asymmetric amplification were 0.1
pM/0.4 pM (forward/reverse), and the amount of DNA template was 4
ng of food samples. Each experimental batch included a negative sample
(human genomic DNA) as an assay control. The thermocycling was

A
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carried out in a TC400 thermocycler (Bibby Scientific, UK) as follows:
95 °C for 5 min for initial activation; 40 cycles of denaturing at 94 °C for
30 s, annealing at 57 °C for 30 s, and extension at 72 °C for 30 s; and
72 °C for 5 min for a final extension. The amplification factor was
calculated from the synthesized copies and the initial amount of
genomic DNA.

qPCR. The amplification was carried out in 96-well microplates
(Axygen PCR, Fischer Scientific), containing 1x TB Green Premix Ex Taq
(Takara), 1x ROX reference dye II (Takara), 300 nM of each primer, and
1 pL of each DNA extract (4 ng/pL, equivalent to 1300 copies). The in-
strument was ViiA 7 Real-Time PCR System (Applied Biosystem, USA).
The thermal cycling was: 2 min at 50 °C, 10 min at 95 °C, followed by 35
cycles of amplification of 1 s at 95 °C (denaturation), and 35 s at 60 °C
(primer annealing and extension, fluorescence acquisition). Reactions
were run in duplicate, and the experiment included one negative control
and no template control. Optionally, a melting curve analysis was ac-
quired from 60 °C to 95 °C at a thermal transition rate of 0.5 °C per
second.
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Fig. 1. Assay principle: (a) isothermal amplification reaction using tailed primers and (b) read-out based on a salt-induced aggregation of unmodified gold nano-
particles, performed in a drop format on a plastic membrane, and smartphone imaging.
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3. Results and discussion
3.1. Method principle

The assay consisted of the specific amplification of target sequences
under isothermal conditions using tailed primers (tailed-RPA) and the
incubation of generated products with the gold nanoparticles in the
presence of sodium chloride at high concentrations (Fig. 1).

Where the DNA target is not present, the amplification is not pro-
duced, and nanoparticles aggregate, observing the decrease of surface
plasmon resonance band at low wavelengths and the increase of the
band at high wavelengths. Meanwhile, the presence of target genes
generates tailed-RPA products, inducing their adsorption onto AuNP
based on van der Waals forces. The formation of complexes (ssDNA-
AuNPs) produces superficial negative charges. Hence, the stronger
electrostatic repulsion stabilized against salt-induced aggregation,
keeping the optical properties of the colloidal state. The target presence
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can be directly observed (naked-eye detection) and accurately quanti-
fied using a smartphone camera and color channel decomposition.

3.2. Study of detection conditions

The experimental variables that control the aggregation of unmodi-
fied nanoparticles and smartphone detection were examined. The fea-
tures of the synthesized AuNP solution were characterized (Figure SI2).
From transmission electron microscopy data, the diameter of the AuNPs
was 14.9 + 2.6 nm. UV/Vis spectroscopy data showed that the absorp-
tion band centered at 530 nm indicated a correct synthesis, and the
number density of particles was 1.18.10" (Table SI2).

The following experiments verified robust, sensitive, colorimetric-
based biosensing. As expected in the absence of DNA, the color of the
AuNP solution changed from ruby-red (colloid state) to purple-gray
(aggregated state) after the addition of NaCl (Fig. 2a). The registered
spectra changed, increasing the concentration of salt. The absorption
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Fig. 2. Formation of hybrids between DNA and 15 nm-nanogold particles: (a) Effect of sodium chloride concentration. (b) Effect of ssDNA concentration on the
optical signal variation (absorbance difference between ssDNA solution and blank). Insert: scheme of ssDNA-grafted AuNPs. (c) Effect of citrate concentration on the
optical signal variation (absorbance difference between ssDNA solution and blank). (d) Platform selection considering signal from red (R) and blue (B) channels.
Studied ssDNA: TCTATGCGACAGGCAGTACCGTAACCATTT CCGCA GCCGCAA (42 nucleotides).
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band at 530 nm decreased, whereas the adsorption band at 650 nm
increased. Hence, this variation of optical properties confirmed the salt-
induced aggregation.

The process was also performed in the presence of ssDNA, using a
sequence of 42 nucleotides for checking experimental feasibility. Ac-
cording to the measured diameter of 15 nm-AuNPs, the active surface is
approximately 700 nm?. Thus, the estimated surface coverage was 16
DNA molecules per one AuNP, considering a disorderly layer of rod-like
molecules in a stretched conformation (Table SI2). The experiments
performed revealed several facts (Fig. 2b and c). (i) The aggregation
process was reduced or avoided based on the spectrophotometric data,
keeping the maximum surface plasmon resonance band at 530 nm. (ii)
Citrate buffer improved the recognition process. (iii) The method was
sensitive to the DNA content, producing positive responses up to 1 nM.
Since the solution volume was 1 pL, the ssDNA amount was 1 fmol.

The next goal was to explore the analytical capabilities of the
smartphone for imaging the hybrids between AuNP and nucleic acids.
Several authors have pointed out that the use of mobile phones as
detection systems of colorimetric biorecognition events is not as easy as
expected (Yu & Wei, 2018). Although the smartphone integrates a
high-sensitive camera, reproducible biosensing required measurements
obtained only under specific experimental conditions. As previously
described (Yamanaka et al., 2018), the distance and illumination were
critical for the image quality of bioanalytical platforms. The present
study confirmed that photos taken under non-controlled illumination
conditions were invalid. Some approaches, such as the flashlight of a
smartphone camera or external vertical light sources, produced irregular
reflections or poor image quality. In contrast, the reading chamber with
holes for diffuse light provided excellent reproducible images without
the need for a light source, and it maximized the differences between
ssDNA standards (colloidal AuNP, red) and blanks (AuNP aggregation,
purple) (Figure SI1).

Regarding image processing, the RGB analysis of assay drops deliv-
ered reliable results. The comparison of all possible data processing
depicted that the best results, in terms of sensitivity and reproducibility,
were obtained for R-B values. The blue channel signal, mainly associ-
ated with aggregated nanoparticles, was subtracted to the red channel
signal, mainly associated with colloid gold nanoparticles (Table SI3).
The result was a high signal-to-noise ratio (>25) and a low standard
deviation between replicates (relative standard deviation 4-8%), and a
significant signal variation that discriminated solutions with different
concentrations of DNA.

Experiments were conducted to compare values obtained from
different smartphone manufacturers. Due to their camera-specific fea-
tures and image processing algorithms, differences in quality images
were observed. Sophisticated calibration procedures can homogenize
the read-out, but they are challenging to implement in most sensing
scenarios (Kanchi et al., 2018). Some recommendations can be proposed
for a robust response independently on the used phone, minimizing the
image processing. Good results were obtained using constant illumina-
tion, a high number of pixels per drop, and R-B values as the output
signal rather than a single channel value. Another solution is using color
patterns to correct experimental variations (Yamanaka et al., 2018).

A disposable sensing platform requires low-cost and easy-to-use
consumables intended for short-term or rapid single-point measure-
ments and easy-handling of reagents and samples (Dincer et al., 2019).
Several platforms for performing bioanalytical assays were compared in
parallelized experiments (Fig. 2d). They included conical tubes (Li et al.,
2018; Ye et al., 2018; Yun et al., 2016), planar chip (Tortajada-Genaro
et al., 2019), plastic membranes (Kim et al., 2018; Yu & Shi, 2015),
fluidic chips (Santiago-Felipe et al., 2016; Yang et al., 2016) and pipette
tips (Sharafeldin et al., 2019). Concerning the camera-based read-out,
some platforms showed high responses for controls due to the reflec-
tivity of raw materials and their conical shape. Plastic membranes,
consisting mainly of paraffin wax, provided a high and reproducible
signal-to-noise ratio of drops and a higher signal difference between
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ssDNA standards and blanks. In addition to the good optical perfor-
mances, the platform had a lower price and was highly resistant to many
chemical substances. Even though this plastic is used extensively in
laboratories as sealing material, as previous studies and current exper-
iments demonstrated, it also has excellent features as biosensing support
of AuNP solutions.

3.3. Optimization of RPA conditions

The isothermal amplification was developed following the re-
quirements for a fast assay (Santiago-Felipe et al., 2016). Thus, short
target region (<200 bp) and short primers (18-20 nucleotides) were
selected. Regarding the reaction conditions, a 40-min incubation at
37 °C achieved signal saturation applied to genomic DNA from positive
and negative samples (Fig. 3a). Fluorescence measurements indicated
sensitive and precise amplification yields (>107). However, the direct
detection of RPA products, based on the AuNPs method, led to erroneous
results. Experiments confirmed that several components of the RPA re-
action, such as salts, DNA binding proteins, or detergents, interfered in
the latter aggregation of nanoparticles (Fig. 3b). A silica-column puri-
fication step to isolate RPA products from reaction reagents or ions in
food samples avoided unspecific AuNP aggregation.

The developed sensing method was applied to detect the amplifica-
tion products from food mixtures. Smartphone registered clear images of
drops, and differential RGB profiles were obtained depending on the
absence or presence of RPA products (Fig. 3c). Compared to other end-
point strategies described for isothermal techniques (Lobato & O’Sulli-
van, 2018), the correct integration of the RPA-AuNP assay is a versatile
naked-eye solution and enhanced by smartphone read-out. Thus, these
experiments confirmed its potential use as a colorimetric biosensing
method of target DNA genes.

A paired experiment compared the amplification features of the
novel isothermal mode (RPA) and an approach based on thermal cycling
regime (PCR) (Zou et al., 2018). Statistics analyses confirmed that both
amplification methods provided comparable mean signals (t-test, t =
2.53, p-value > 0.05) and comparable standard deviations (F-test, F =
0.73, p-value > 0.05). Therefore, the method excluded the requirement
of heavy thermocyclers, evidencing that the assay can be done at field
sites.

The improvement of the assay sensitivity was investigated, consid-
ering the use of tailed primers. The central idea was to take advantage of
the electrostatic properties of single-strand DNA compared to double-
strand DNA (Chang et al., 2019; Chen et al., 2018; Valentini and
Pompa, 2016). The proposed RPA-AuNP assay was applied to reaction
mixtures containing conventional or tailed forward primers (Fig. 4). The
tailed primer was composed of a non-complementary sequence (5'-end)
and specific-gene sequence (3'-end) separated by C3 spacer. So, this
short carbon chain prevented the extension of copied strand during the
isothermal amplification beyond the complementary sequence. Thus,
the 5'-end tail was in a single-strand configuration during all amplifi-
cation cycles. In a primer without the C3 spacer, the polymerase can
extend the template copy until the 5’-end, losing the original proposal.
Besides, the tail must show a null complementary to either genome to
avoid cross-reactivity.

Although the amplification yield decreased (approx. 38%), the final
response measured by the smartphone increased (approx. 22%). These
results confirmed that the charged phosphate backbone of the double-
strand amplification product competed with the adsorbed citrate ions
reducing the electrostatic interaction on the nanogold surface. But, the
presence of a single-strand tail in RPA products favored the formation of
complexes because its structure permitted the uncoiling needed to
expose the bases. The interaction between the DNA bases and the AuNPs
was sufficient to cause RPA products to stick to the surface, inhibiting
the aggregation of nanoparticles.

The RPA-AuNP method overcame the methods that require thermal
opening of products or amplification techniques in asymmetric format
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Fig. 3. Optimization of isothermal amplification based on RPA reaction. (a) Amplification kinetics. (b) Inhibition of RPA components on the aggregation of nanogold
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drop. DNA template: 4 ng from pure wheat flour. Amplification target: trnL gene.

(Li et al., 2018; Yun et al., 2016). The consequence was a high ampli-
fication yield using a simpler heating system for keeping the tempera-
ture constant. In conclusion, the assay was demonstrated using materials
available in low-resource laboratories, such as a small centrifuge, a heat
block, an expanded polystyrene box, a lamp, and a smartphone. Thus,
the method excluded the requirement of heavy thermocyclers, fluores-
cence readers, or other instruments. For assays performed at the field
site, some technologies can used, such a Peltier cooler/heater and a
flashlight. Equipment is low-cost and can be transported in a mobile
suitcase laboratory and battery-powered, competitive solution
compared to current portable RT-PCR instruments. Also, there are so-
lutions to convert it into an instrument-free assay, such as magnetic DNA
extraction, exothermic heating, and naked-eye detection (Lobato &
O’Sullivan, 2018).

3.4. Detection of food adulteration

Considering achieved performances, a compatible application was
detecting adulterants in foods (Bansal et al., 2017). The processing of

t-test: p-value < 0.001.

certain meat products can include the addition of cereals to improve
their functional properties, such as water- and fat-binding, texturizing
properties, low cost, and supplementation of dietary fiber-rich vegeta-
tive. Thus, it is helpful to determine whether the added amount is lower
than a regulated threshold value. Then, we designed an RPA-AuNP assay
to detect a cereal-specific gene (trnL gene) to monitor food quality
(Table SI1). Firstly, an in-silico method selected short RPA primers
without homology to other potential genes and avoided stable secondary
structures. The following experiments checked the amplification speci-
ficity discriminating pure food ingredients. The images obtained from
gel electrophoresis depicted a single amplification band at the expected
position (Fig. 5a), so the amplification and post-amplification treatment
were effective. Also, data from melting temperature analysis (Fig. 5b)
and qPCR (Fig. 5¢) confirmed the accurate amplification of the target
sequence. Only unspecific products were detected using a high amount
of non-target templates and high amplification cycles.

The incubation of RPA products with AuNPs/NaCl produced the
expected behavior (Fig. 5d). Cereal-containing samples generated tailed
RPA products that stabilized AuNPs against the aggregation, reporting
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high signals for the Red channel and low for Green and Blue channels. In
contrast, the analysis of non-target samples produced similar responses
to negative controls, indicating the number of unspecific copies was
insufficient to keep the colloidal state. Hence, the assay selectivity was
achieved thanks to the RPA mechanism, being the replication of target
templates highly efficient and the formation of non-specific products
negligible. The novel instrument-free approach correctly identified ce-
reals, demonstrating the absence of false-positive results. The detection
limit was determined by diluting a DNA extract from a wheat sample.
The lower concentration that provided a positive response was 0.2 ng/
pL (0.8 ng). Considering the genome of wheat (17 Gb), the estimated
detection limit was 11 copies/puL (44 copies).

The next challenge was the quantitative study of the response
depending on the food composition. The assay sensitivity was estab-
lished from prepared foods and compared to a conventional qPCR
method (Fig. 6). The chromaticity of drops varied depending on the
adulteration level of food products. The optical responses and the log-
arithm of adulteration percentage fitted by a linear function, with
excellent correlation. Although qPCR achieved a better detection limit,
the RPA-AuNPs method discriminated the adulterated samples con-
taining the target ingredient up to 0.5%. Hence, the results demon-
strated the reliability of our biosensing method applied to routine food
control, considering the current practice.

3.5. Detection of gluten in marketed food products

The following challenge was the application for the indirect detec-
tion of food allergens; concretely, gluten due to its relevance and the
need for fast, reliable methods. Our target region was a fragment com-
mon to the three main gluten-containing cereals (wheat, barley, and rye)
and located in the ribosomal Internal Transcribed Spacer-2 region (ITS).
This region has been described for accurately tracking gluten presence
based on the selective discrimination of target genomes against other
plant species (Garcia-Garcia et al., 2019).

After optimization experiments (Figure SI3) using specific ITS oli-
gonucleotides (Table SI5), the analysis of food mixtures containing flour
of target cereals estimated assay performances. The detection limit was
the minimum concentration level that produced a distinguished signal
from the non-target flour. The novel colorimetric method detected up to
0.5% wheat (225 mg gluten/kg). This detection limit was higher than
those achieved by qPCR in this study and described in previous papers
based on ELISA, qPCR, or qLAMP (Garrido-Maestu et al., 2018; Scherf &
Poms, 2016). However, these results demonstrated the possibility of
performing rapid DNA testing about gluten presence without requiring

high-qualified personnel or expensive laboratory equipment such as
thermocyclers or complex readers. The main advantages of RPA against
LAMP approaches are the lower working temperature, more straight-
forward primer design, and lower probability of false-positive.

Under these conditions, the assay was sensitive and reproducible
enough to analyze commercial food products. As shown, the observed
color and the image analysis followed a clear pattern (Table 1). Accu-
rate, reproducible discrimination between gluten and gluten-free foods
was achieved in an easy-to-perform mode. A relevant limitation to field
test was the DNA extraction step, considering time and the required
equipment, i.e., centrifuge. Hence, a future improvement is magnetic
beads-based extraction to overcome this bottleneck. After DNA extrac-
tion, the assay was rapid, and times were: 40 min for RPA, 10 min for
purification, 10 min for AuNPs aggregation, and 5 min for imaging and
image analysis.

4. Conclusions

Screening applications based on short-term or single-shot measure-
ments in the food field demand disposable DNA biosensing systems.
AuNPs-based detection methods provide engaging performances for
versatile solutions, overcoming traditional limitations regarding assay
time and portability of conventional techniques. The direct interaction
with unfunctionalized nanoparticles, without oligo functionalization,
adds more simplicity and reduces the testing cost. The success of the
newly-developed method comes from the effective integration of the
RPA technique, a versatile colorimetric transducer, and a universal
reader such as a smartphone.

Compared to previous approaches, the novelty arises from the cho-
sen isothermal amplification reaction and how ssDNA is produced for
AuNP-mediated detection. First, RPA is easy-designed, fast, robust, and
high tolerant for inhibitors. Secondly, RPA-methods operate at a con-
stant low temperature, enabling the amplification without the need for
typical PCR thermocyclers and expensive laboratory equipment. Third,
tailed primers are a direct mode to generate single-strand products,
avoiding partially ineffective post-amplification steps, such as enzy-
matic digestion or thermal denaturation. As far as we know, the devel-
oped method is the first colorimetric assay based on an isothermal
amplification technique for gluten detection.

On the other hand, smartphones are increasingly applied for limited-
resource settings allowing easy-to-operation DNA testing. As demon-
strated, several experimental variables affect the system performances
because they change the optical features captured on smartphone
cameras. Therefore, this study contributes to establishing the feasible
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Table 1

Results obtained applying the developed method for the detection of the gluten-related gene. Rep-

licates = 3..
Foods Declared Color R-B channels Detected
Noodles + 86+10 +
FlourI + 106+13 +
Baby food + 7749 +
Snacks I + 7649 +
Cookies + 92+11 +
FlourII - 19+2 -
Candy - 162 -
Sausage - 1842 -
Processed meat - 19+2 -
Snacks II - 1712 -

R-B values: mean+standard deviation

requirements to transform this consumer electronic device into an
analytical reader of results generated.

Following the developed methodology, the assays are complete
within 2 h, and the low amount of the target DNA (0.8 ng) produces
color changes. A smartphone can directly measure them for quantifying
the target ingredient, being a cheap and ubiquitous device that in-
tegrates many functions required for a colorimetric signal reader. Food
control can be performed using reduced resources common at decen-
tralized laboratories. Definitely, this fast DNA biosensing method can
support the trending topic of ‘Safety from Farm to Fork’.
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