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ABSTRACT: Nucleic acid tests (NAT), the gold standard diagnostic
technology, play a crucial role in the prevention of infectious diseases.
However, PCR, the current state-of-the-art NAT, is expensive, slow,
and requires dedicated infrastructure and facilities. Therefore, there
exists an urgent need to create alternative molecular diagnostic
technologies. We describe the use of a gold colloidal nanobiosensor
detection system that can specifically and sensitively detect the 16S
rRNA gene of the worldwide gastric pathogen Helicobacter pylori. We
demonstrate the systematic identification of oligonucleotide probe
sequences according to secondary structure, binding energy, and
homology search criteria. We selected three probe sequences that were used to evaluate the detection of a 120 nt synthetic analyte.
Detection of this analyte resulted in a visual color change in the solution to a limit of detection (LOD) of 10 nM and by
spectrophotometric means to 1 nM. Furthermore, we demonstrated that the system could detect clinical samples of H. pylori with a
LOD of 5 × 105 copies/mL. The system displayed no cross-reactivity with potentially confounding bacterial pathogens. Importantly,
we also demonstrated the ability of the detection system to detect clinical samples of H. pyloriwithout the requirement of a separate
DNA extraction, allowing for a one-step detection system. In summary, we have created a simple-to-use, economical, rapid, sensitive,
and specific alternative to PCR that could be useful in resource-limited settings to control the spread of infectious diseases.

■ INTRODUCTION
Biosensor-based diagnostics have played a key role in the battle
to stop the spread of many infectious diseases including SARS-
CoV-2 the causative agent of the recent COVID-19
pandemic.1 Quantitative reverse transcriptase polymerase
chain reaction (qRT-PCR)2 and to a lesser extent RT loop-
mediated isothermal amplification (RT-LAMP)3 were the
most frequently used molecular diagnostic techniques to detect
viral RNA, and lateral flow assays (LFA)4 tests were the most
commonly used to detect viral antigens and less commonly
antibodies against the SARS-CoV-2 virus. Although PCR and
LAMP tests are very sensitive, they are time-consuming,
require trained personnel, and are expensive.5 On the other
hand, LFA tests are fast and economical but lack sensitivity
under certain circumstances.6,7 Consequently, there remains
great interest in the development of molecular assays that can
detect nucleic acids but that are economical and convenient,
leading to great interest in nanoparticle detection techniques
including gold nanoparticles (AuNPs),8 −10 carbon dots,11,12

or quantum dots.13,14 AuNPs in particular are attractive
candidates due to their exceptional optical and electronic
properties, easy synthesis, and relatively straightforward
biofunctionalization chemistries,15 as their surfaces can be
easily modified with various chemical groups, allowing the
attachment of oligonucleotides or antibodies.16,17 This

capability facilitates the detection of target antigens, DNA/
RNA, or other molecules, with outputs that can be electro-
chemical18 or colorimetric, thanks to plasmonic coupling that
arises when two AuNPs are in close proximity.19 −21 As a result
of this versatility, AuNPs have been used to develop biosensors
to detect a wide variety of organisms including bacteria,
viruses, and fungi.10,22 −24 In particular, AuNPs functionalized
with oligonucleotides have been used for the fast colorimetric
detection of Chlamydia trachomatis and Neisseria gonorrhoeae,25

hepatitis C virus (HCV),26 and SARS-CoV-2 virus.23 However,
to date, the choice of oligonucleotide probes that are effective
in detecting pathogens for this technology has been an
empirical exercise, resulting in the generation and testing of
many oligos in order to optimize detection. In this article, we
propose the use of ViennaRNA 2.527,28 nucleic acid-folding
package to calculate DNA/RNA interactions in order to more
efficiently select oligos for the development of a rapid
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molecular assay to detect the Helicobacter pylori (H. pylori)
pathogen.

Infection by H. pylori, a Gram-negative, spiral-shaped
bacterium, occurs in up to 50% of the global population, and
although generally asymptomatic, it is a frequent cause of
stomach ulcers and even cancer.29,30 However, the rate of H.
pylori infection has decreased to less than 40% due to better
food preparation hygiene in most countries,31 in some
developing countries rates remain stubbornly over 70%.30,32

In addition to the use of qPCR and endoscopic biopsy, the
most frequently used diagnostic testing technique for H. pylori
is the urea breath test (UBT), which requires prior oral
administration of labeled urea (13C/14C). This method is,
however, uncomfortable for the patient and requires the use of
specialized instrumentation. Fecal antigen LFAs are also widely
used, especially for pediatric testing; however, many adults are
uncomfortable with sampling33 and commonly used proton-
pump inhibitors (PPIs)34 and antibiotics can interfere with
results.35 More recently, detection techniques based on
electrochemistry, in particular using self-assembled gold NPs
on graphene oxide or carbon nanotubes, have shown the
detection of H. pylori DNA or proteins with great sensitivity.36

As we had previously developed a method for the direct
detection of SARS-CoV-2 from saliva and nasopharyngeal
samples using AuNPs,23 we extended this work to H. pylori
based on the detection of the 16S rRNA. We developed a
novel in silico selection criterion based upon the ViennaRNA
2.5 RNA folding algorithm and tested our system on clinical
samples of H. pylori and other potentially interfering bacteria.

■ EXPERIMENTAL SECTION
Materials. NanoXact 60 nm nanospheres in 0.05 mg/mL

citrate buffer (1.5 OD) were purchased from NanoComposix
(San Diego, USA) with a diameter of 61 ± 6 nm
(characterized by transmission electron microscopy (JEOL
1010), a surface charge of −40 mV, and a plasmon resonance
wavelength of 535 nm (characterized by dynamic light
scattering (Malvern Nano ZS) and UV−vis spectrophotometer
(Persee)). 5′-SH conjugated oligonucleotides were synthesized
by Generay Biotech (Shanghai, China). Sodium dodecyl
sulfate (SDS), 1 M phosphate buffer pH 7.4, and Triton X-
100 were purchased from Sigma-Aldrich (St. Louis, USA),
Tris−HCl pH 8.0 and EDTA from Beyotime Biotechnology
(Shanghai, China), and proteinase K from GeneOn (Ludwig-
shafen, Germany). Dynamic light scattering measurements
were taken using Optronix Technology (Shanghai, China), and
UV−vis measurements were performed using an Agilent
BioTek Synergy 2 plate reader (Santa Clara, CA) and Persee
Analytics UV−vis spectrophotometer (Auburn, CA).
Oligonucleotide Design. Sequences of the 16S rRNA

gene were recovered from GenBank (accession numbers can
be found in Figure S1); only complete sequences were
considered. Oligonucleotides were selected by calculating
secondary structure, self-binding energy, and binding energy
to target using ViennaRNA 2.5 software,27,28 considering a
temperature of 25 °C and [NaCl] = 1 M. Secondary structure
minimum free energy was calculated using the RNAfold
function provided in ViennaRNA 2.5, while binding energy
between oligonucleotides and the 16S rRNA gene was
calculated using RNAcofold also provided in ViennaRNA
2.5. Oligonucleotides were then selected on the basis of
fulfilling the following criteria:

Secondary Structure energy = 0 kcal/mol (no secondary
structure): oligonucleotides presenting secondary struc-
tures were not selected since this can result in lower
hybridization of the oligonucleotide to the complemen-
tary target37,38 but also reduce the stability of the AuNPs
due to lower grafting density and lower layer thickness,
which promote aggregation between nanoparticles.39,40

Self-binding energy <9 kcal/mol: Dimerization energy of
the oligonucleotides to itself and to other oligonucleo-
tides used in the assay were minimized. Dimerization
energy should be lower than 9 kcal/mol in absolute
value.
Binding energy >20 kcal/mol: Binding energy was
maximized in order to get optimal binding of the
nanoparticles to the target nucleic acid.

The specificity of the selected oligonucleotides was checked
using the BLAST algorithm,41 and the binding energies of the
oligonucleotide to the 16S rRNA gene of different bacteria
were calculated using the RNAcofold function within the
ViennaRNA 2.5 package.
AuNPs’ Functionalization. AuNPs were functionalized

using thiolated oligonucleotides and a previously reported salt-
aging method.42 In brief, AuNPs were resuspended in 0.005%
sodium dodecyl sulfate (SDS) and 0.05 M phosphate buffer
(PBS), pH 7.8, before adding oligonucleotides to attain an
oligonucleotide concentration of 2 μM. Subsequently, the
NaCl concentration was gradually increased until reaching 0.1
M NaCl in order to increase the density of oligonucleotides
bound to the AuNPs’ surface.
Limit of Detection (LOD) Assay. A 120 nt DNA

sequence covering 540−660 nt of the 16S rRNA gene was
used as a positive control analyte (Generay Biotech). For LOD
determination, the positive control was spiked into lysis buffer
(0.11% SDS, 0.11% Triton X-100, 0.58 mg/mL Proteinase K,
TE buffer ×1) in a series of half-log10 dilutions (i.e., 100 nM,
33 nM, 10 nM, 3.3 nM, 1 nM, and 0 nM (negative)). For each
test, 8.5 μL of functionalized nanoparticles was added to 47.5
μL of lysis buffer (0.11% SDS, 0.11% Triton X-100, 0.58 mg/
mL Proteinase K, TE buffer ×1), and a desired amount of 5 M
NaCl was added subsequently. All reactions were carried out at
room temperature.
Cultures and Extraction of H. pylori. Patient gastro-

duodenal biopsies were cultured immediately on arrival to the
laboratory on marketed selective plates (Pylori Agar;
bioMeŕieux, Marcy-l’Étoile, France). Plates were incubated
under microaerophilic conditions (2% H2, 5% O2, 7% CO2,
and 86% N2) at 37 °C with 80% humidity for at least 7 days.
Colonies were confirmed as H. pylori using matrix-assisted laser
desorption ionization-time-of-flight mass spectrometry
(MALDI-TOF-MS, MALDI Biotyper, Bruker Daltonics).

DNA extraction was carried out on heat-inactivated samples
(90 °C for 10 min) using the Qiagen DNA Blood Mini Kit
according to the manufacturer’s instructions (Qiagen, Hilden,
Germany).

■ RESULTS AND DISCUSSION
Oligonucleotide Design. The detection of H. pylori in

this study was based on the color change of AuNPs in solution
upon binding to the target analyte. When dispersed, AuNPs
display a red color in solution but appear bluish/transparent
upon binding to multiple DNA/RNA target analytes, resulting
in agglomeration of the nanoparticles due to plasmonic
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Figure 1. Scheme for the validation of the H. pylori assay.

Figure 2. Oligonucleotides selection. (a) Alignment of different H. pylori strains on their 16S rRNA gene. (b) Table containing the different
selected oligonucleotides with their calculated binding energy with and without T10 spacer, self-binding energy, and secondary structure energy.
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coupling43 (as depicted in Figure 1). This color change can be
monitored either by UV−vis spectroscopy or by the naked eye.

The 16S rRNA gene was selected in this study as the target
for the detection of H. pylori due to high levels of homology
between different strains of H. pylori (Figure 2a) and the
presence of hypervariable regions (HVRs), which enable to
distinguish between H. pylori and other common bacteria such
as Campylobacter spp.44 As can be seen from Figure 2a, the
sequence of the 16S rRNA gene is highly conserved between
different H. pylori strains with only a few nucleotide variations
observed at positions 92, 129, 138, 991, 1000, 1105, and 1133
of the gene. Consequently, we selected all possible 20 nt
combinations that covered the HVR and surrounding regions
and calculated their binding energy, secondary structure, and
self-binding energy (Figure S3).

Based on this information, we selected three oligonucleo-
tides (16S#1, 16S#2, and 16S#3; Figure 2b) and calculated the
binding energy to the 16S rRNA gene with and without a
T(10) spacer sequence. We observed that oligonucleotides
with a T10 spacer exhibited higher binding energy toward the
target due to higher base pairing. As it is known that the
presence of a T10 spacer increases the binding efficiency to
AuNPs as well as increasing the efficiency of probe binding by
decreasing spatial hindrance, we used these oligos for
subsequent experiments.

In order to check the specificity of the selected
oligonucleotides, we used the BLAST alignment algorithm as
well as calculating the binding energy to closely related bacteria
(Campylobacter jejuni, Enterobacter cloacaeetc.) (Figures S4−
S6). There were no major homology matches between the
selected oligonucleotides and other microorganisms within the
NCBI database. We additionally calculated the binding energy
between the selected oligonucleotides and the 16S rRNA gene

of other bacteria and observed much lower binding energies
than those with H. pylori (Figure S7).
AuNPs’ Functionalization. Oligonucleotides with a thiol

moiety on their 5′ end were attached to the AuNPs’ surface
using the salt-aging method as described above. After
functionalization, AuNPs underwent a change in diameter
from 67 ± 1 nm to 90.5 ± 1 nm as measured by DLS (Figure
S8). Additionally, their surface zeta potential charge changed
from −47.4 ± 5.5 mV to −33.0 ± 5.5 mV (Figure S8). We also
carried out UV−vis spectra of the AuNPs (Figure S8) and
observed a shift of the plasmon resonance from 535 to 538 nm
due to the change of refractive index in the close vicinity of the
AuNPs after the binding of the oligonucleotides. Furthermore,
the cost of the functionalized NPs including the functionaliza-
tion reagents as well as detection reagents was 0.66 euros,
constituting a price that could compete with antigen tests (see
details of prices in Figure S9).
Detection of 120 nt Analyte. Functionalized AuNPs

were then tested for the detection of a synthetic target analyte
(120 nt DNA of the H. pylori 16S gene, including target
sequences of three oligos) (Figure 3a). To determine the limit
of detection (LOD) of the assay, the analyte was serially
diluted to different concentrations and spiked into lysis buffer.
We tested lysis buffer without analyte (negative control) and
observed a shift of the plasmon resonance wavelength from
538 to 540 nm due to a change in the refractive index of the
solution. As can be seen from Figure 3c, the plasmon
resonance wavelength decreases from 540 nm in the presence
of the analyte due to plasmonic coupling between the AuNPs
caused by the hybridization of the oligonucleotide probes and
their complementary target. This agglomeration results in a
decrease in the 540/750 nm absorbance ratio (Figure 3d).
This optical change can also be observed by the naked eye,
resulting in a color change from pink to blue/transparent

Figure 3. 120 nt short target detection. (a) Secondary structure of the 120 nt short target. (b) Image, (c) UV−vis spectra, and (d) absorbance ratio
(540/750 nm) of the limit of detection assay using the 120 nt short target mimicking targeted region of the 16S rRNA gene.
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(Figure 3b). The LOD of observation by the naked eye was 10
nM, whereas by spectrophotometric means it was 1 nM
(Figure 3d).
Detection of Clinical Samples. Although the 120 nt

analyte is useful to characterize the ability of AuNPs to detect
the target of interest, as the 16S rRNA gene is ∼1600 nt in
length, it might be more challenging to detect due to the
crowding effects of longer nucleic acids. We therefore tested
our system with either extracted DNA or whole bacteria from
cultured H. pylori taken from patient’s samples. As can be seen
from Figure 4a, we were able to detect all 10 (100%) of the
tested DNA extracts from patient-cultured H. pylori bacteria, as
depicted by the lower 540/750 nm absorbance ratio. In order
to increase the potential utility of the test, we also tested whole
heat-inactivated H. pylori bacteria from patients. Again, we
note that we can detect all 10 samples without the need for a
separate DNA extraction step (Figure 4b).

In order to further characterize the assay, we next carried out
cross-reactivity tests with DNA extracts from cultures of the
following potentially confounding bacteria: Proteus mirabilis,
Enterobacter cloacae, Campylobacter jejuni, Campylobacter coli,

and Citrobacter freundii. As can be seen from Figure 4c, only H.
pylori DNA was detected. A lack of cross-reactivity with C.
jejuni is potentially useful as not only is infection by this
bacterium often mistaken for H. pylori infection, but it also
displays a high degree of homology within the 16S rRNA gene
(∼87%).

In order to compare the LOD of clinical H. pylori samples,
we serially diluted DNA obtained from cultured H. pylori. As
can be seen, the LOD was determined to be 1 ng/μL, which
corresponds to around 5 × 105 copies/mL (Figure 4d).

■ CONCLUSIONS
In this article, we chose 16S rRNA due to its conservation
among different H. pylori strains and the presence of
hypervariable regions that distinguish it from other common
bacteria. The selected oligonucleotides were tested for their
binding energy, secondary structure, and specificity using
ViennaRNA and BLAST alignment software for a specificity
check. The selected oligonucleotides were then successfully
attached to AuNPs by attaching thiol moieties on their 5′ end
and using a salt-aging method.

Figure 4. Detection of cultured samples from different patients infected with different bacteria, (a) absorbance ratio of assays containing extracts
from cultures of H. pylori obtained from different patients, (b) absorbance ratio of assays containing heat inactivated cultures of H. pylori obtained
from different patients, (c) absorbance ratio of assays containing different concentrations of cultured extracts from different bacteria, and (d)
absorbance ratio of assays containing different concentrations of cultured H. pylori extract.
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Our assay demonstrated the effective detection of a 120 nt
target covering part of the 16S rRNA gene of H. pylori.
Detection of this analyte resulted in a clear color change
observable by the naked eye as well as by UV−vis
spectroscopy. The assay successfully detected H. pylori in
both extracted DNA/RNA from cultured samples and heat-
inactivated cultured samples, with no cross-reactivity observed
with closely related bacteria such as Campylobacter jejuni. 10/
10 (100%) of the cultured samples from different patients’
gastroduodenal biopsy were detected, highlighting the robust-
ness of our assay. The limit of detection was determined to be
1 ng/μL of H. pylori nucleic acids, corresponding to
approximately 5 × 105 copies/mL of the 16S rRNA from H.
pylori.

In conclusion, our study presents a robust and specific assay
for detecting H. pylori using gold nanoparticles functionalized
with in silico designed oligonucleotides. This approach not only
provides a reliable diagnostic tool for H. pylori but also offers a
versatile platform for developing similar assays for other
microorganisms with a cost under 1 euro for a single test.
Indeed, the in silico workflow for oligonucleotide selection can
be easily adapted for detecting a broad range of viruses,
bacteria, and fungi.
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