www.nature.com/scientificreports

scientific reports

W) Check for updates

OPEN A gold nanoparticle conjugated

single-legged DNA walker driven
by catalytic hairpin assembly
biosensor to detect a prokaryotic
pathogen

Erfan Shahbazi, Hamidreza Mollasalehi” & Dariush Minai-Tehrani

Catalytic hairpin assembly (CHA)-DNA walker allows nanostructures to spontaneously hybridize to

the nucleic acids. The localized surface plasmon resonance provides the ability of color-shift for Au
nanoparticles (AuNPs) to design a colorimetric biosensor by implementing CHA-DNA walker reaction
on AuNPs. A target gene in Klebsiella pneumoniae as the reaction cascade trigger, was selected. H1

and H2 oligonucleotides as the components of the system were designed and verified by NUPACK. The
AuNPs were conjugated to H1. The conjugation of the probes to the AuNPs was evaluated using FT-IR.
The signal amplification process was conducted at 25°C. TEM imaging, zeta potential, spectroscopy,
and gel-electrophoresis were used to examine the conduction of the reaction cascade and specificity.
The sensitivity of the method was analyzed using serial dilution of the target. The formation of over-
52 bp intermediate secondary structures (which only exist when the reaction happens) was confirmed
by gel-electrophoresis. The color distinction between positive (0.08 to 0.058) and negative samples
(0.098 to 0.05) was evidenced instantly and in a period of 90 min of the reaction as a drop change of
520 nm intensity absorbance. TEM imaging confirmed the further distance of AuUNPs in the positive
sample in comparison to that of the negative sample which reveals effective detection of the pathogen.
The LOD of the technique was measured as 2.5 nM of the target sequence. The diagnostic approach is
a label-free, enzyme-independent approach and can be executed in a single step. It has been designed
by employing the CHA-DNA walker system along with the colorimetric properties of AUNPs for the first
time, thereby paving the way for more rapid and accurate diagnostic kits.

Keywords DNA walker, Catalytic hairpin assembly, Signal amplification, Colorimetric biosensor, Point-of-
care detection, Genosensor

The vital significance of accessing an affordable, easy, and swift diagnostic technique has been a demanding
hotspot all around the world, especially in the two-year pandemic of SARS-CoV2 infection'. Nano-biosensing
of biomarkers seems to serve effective approaches to diagnose biomolecules. DNA nanostructures e.g., DNA
walkers have attracted high attention due to their programmability and stability>>. DNA walkers are able to
automatically and continuously move along specific tracks on nucleic acid strands which contributes to the
signal amplification. The designable nature of DNA walkers turns them into a valuable and precise tool with
a wide range of applications in nanoscale biosensing approaches due to their ability of nonenzymatic signal
amplification. The fundamental specification in DNA walker structures is the strand displacement mechanism
which makes the nucleic acid (NA) strands able to bind and separate themselves, to and from other NA
structures, autonomously.

The DNA walker mechanism has been applied in several biosensing strategies®*”. A DNA walker mechanism
was designed successfully to detect miRNA-21 by Wu et al. and the hairpin-structured DNA tracks on magnetic
beads were triggered by the target miRNA-21 as the walker strand®. Beyond their use in biosensing, DNA walkers
have been exploited in molecular computing and Drug delivery (in DNA origami constructs) according to their
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potential to contribute to encoding algorithms and processing molecular information, and programmability,
respectively®!0.

DNA walkers are capable of being applied to isothermal conditions. Even though several molecular
detection techniques such as NASBA!!, LAMP!2, RCA!3, SDA!, etc. have been developed during the last two
decades to increase the availability and affordability of diagnostic methods by omitting their dependence on
sophisticated equipment (i.e. thermal cycler)'>!, they still rely on a biocatalyst e.g., an enzyme to run. In that
regard, hybridization chain reaction (HCR) and catalytic hairpin assembly (CHA) could be mentioned as two
techniques potential of being used in DNA walkers with respect to hybridization property to conduct a recycling
cleavage reaction and also the characteristics of utilizing enzyme-free circuits for target amplification'”. In a
CHA circuit, two (or more) engineered hairpins are used to detect a specific target'®. The first hairpin is unfolded
only in the presence of the target according to its complementary region. The linearized hairpin-1 is ready to
open the second hairpin via the hairpin-2’s sticky end because of its complementary region. This reaction goes
on by the strand displacement activity which allows the target to stay dissociated from the complementary
sequences and stick to the other hairpins in the reaction mixture. The whole process is conducted in a constant
reaction condition at room temperature which provides a promising system for biomolecule diagnosis'®-2L.

Gold nanoparticles (AuNPs) are largely employed in sensing target biomolecules and suitable candidates in
colorimetric molecular assays according to their phenomenal optical properties, possibility of diverse surface
modifications, and biocompatibility which makes them a good candidate in colorimetric molecular assays?2.
Localized surface plasmon resonance (LSPR) is the key feature in AuNPs that provides the color distinction
between the positive and negative samples®*. The proximity between gold nanoparticles determines the solution’s
color. The AuNPs’ aggregation leads to a blue-shift and a far-away status between them allows the solution to
remain red.

In the present study, we designed an autonomous enzyme-free signal-amplification strategy, capable of
genosensing in a constant reaction condition at room temperature. The method has been applied to diagnose a
specific pathogen gene in Klebsiella pneumoniae by calorimetric differentiation between the target-containing
sample and a negative sample lacking the target sequence. The negative sample contained a distinct same-length
oligonucleotide by taking advantage of the programmability of DNA circuits, the spontaneous behavior of DNA
walkers and, the optical traits of AuNPs.

Materials and methods

Materials

Gold-nanoparticles were prepared by Arminano, Co. (Iran). The required oligonucleotides were ordered
from Metabion (Germany). Chemicals including Monosodium phosphate-monohydrate (NaH,PO,), Sodium
chloride (NaCl), Disodium phosphate- heptahydrate (Na,HPO,), and Magnesium chloride were of molecular
biology grade and obtained from Merck (Germany).

Target sequence and oligonucleotide design

The target sequence was selected from the chromosome in the genome of Klebsiella pneumonia KPHS_51180
(Gene ID: 11850189) using the NCBI database. A BLAST was run for the selected gene and the target sequence
was chosen by GeneRunner software. The target sequence was checked for a unique specificity for Klebsiella
pneumonia using BLAST online tool. Hairpin sequences were designed using the online bioinformatics tool
“NUPACK” (nupack.org).

Characterization and conjugation of AUNPs

AuNP was characterized using TEM imaging, FT-IR, DLS size, and Zeta potential assays. In order to investigate
the conjugation of nanoparticles and oligonucleotides, salt induction was used to evaluate the nanoprobe
solution’s stability which leads to color change. The formation of appropriate AuNP-probe was examined by FT-
IR. TEM imaging was also used to compare the distance between the nanoprobes and nanoparticles.

The gold nanoparticles conjugated with thiol-modified probes were prepared according to the following
steps. 0.5 uL of 10X TCEP was exposed to 5 uL of 100 M thiolated oligonucleotide and 5 uL of deionized water.
The solution was incubated for an hour at room temperature (RT). Then, 95 yL. AuNP was added, followed
by a 16-hour incubation at RT. Furthermore, the solution was salt-aged in ten steps with 10-minute intervals
between each step to reach the final concentration of 0.01 M NaCl and 0.01 M phosphate buffer (pH=7.2). After
adding the buffer, the solution was incubated for 40 h at room temperature, followed by a washing step where the
supernatant was discarded after 20 min of centrifugation at 14,000 g. The washing step was repeated three times.
The synthesized nanoprobe suspension was stored at 4 °C.

CHA-DNA walker assay

Firstly, to evaluate the thermodynamic feasibility of the reactions’ A G was calculated by bioinformatic tools
(i.e. NUPACK). To optimize the method protocol, different modifications were implemented such as changing
the concentration ratio of each reaction component (namely H1, H2, and target sequence) and time gradient.
The two hairpins were heated to 955 °C for 3 min and then gradually cooled to the room temperature preceding
the CHA-DNA walker reaction. The reaction mixture was composed of hairpin 1 (conjugated with the AuNP)
(500 nM), hairpin 2 (500 #M), and the target sequence (250 nM). The reaction was conducted at the room
temperature in less than an hour. The CHA-DNA walker results were visualized using the color differentiation
between the positive and negative samples with the naked eye. TEM imaging was used to investigate the distance
between the oligonucleotides. Zeta potential was measured to analyze the electrical potential on the surface of
nanostructures. An agarose gel electrophoresis (2%) was applied to assess the molecular weight of hybridized
and non-hybridized oligonucleotides.
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The serial dilution was performed by diluting normal amounts of DNA content to 10~* to determine the
lowest amounts of the target sequence that the designed method is capable of. The test was conducted three
times to verify the consistency of the results. The color discrimination between the samples was detectable by
the naked eye and it was confirmed by UV-Vis spectroscopy measurements at 520 nm wavelength by NanoDrop
(EPOCh2, US).

To evaluate the specificity of the method, bacterial strains including Klebsiella pneumoniae, Yersinia
enterocolitica, Shigella sonnei, Morganella morganii, Helicobacter pylori, and Citrobacter freundii were cultured
overnight at 30-37 °C in Tryptic Soy Broth and then prepared for DNA extraction. Genomic DNA was retrieved
by the boiling method, which involved centrifugation at 3000 g for 8 min, followed by two washing steps. The
DNA was then heated to 100 °C for 20 min and centrifuged again at 3000 g for 3 min, resulting in a supernatant
used as the template.

It is notable to mention that in the TEM imaging that was conducted both for the analysis of CHA-DNA
walker and characterization of AuNPs, the NP and AuNP stocks were meticulously pipetted before being added.
The AuNP addition was made from the same stock with a time interval of one second, thereby minimizing any
potential differences that may exist. Moreover, the reaction was repeated multiple times, and each repetition
yielded the same results. The TEM imaging was conducted twice, with each imaging involving three repetitions
of the reaction. These steps were taken to ensure the accuracy and reproducibility of the results.

Results

The CHA-DNA walker colorimetric assay was designed using the CHA reaction cascades and a walking system
on the nanoparticle core which led to the colorimetric differentiation of positive and negative samples. This
strategy, allows the method to generate the signal, amplify and detect it all together. As illustrated in Fig. 1,
the complementary regions between two auxiliary hairpin-shaped oligonucleotides are engaged when they are
folded and closed. In the presence of the target DNA (DNA walker), the sticky end of hairpinl is hybridized
with the target sequence and a strand displacement phenomenon which is mediated by toeholed structures
exposes the trapped sequences within the hairpin structures. The untrapped sequence could hybridize to the
target sequence, which unfolds the hairpin 1 and enables the complementary regions between the two hairpins
to hybridize one another. Hairpinl-hairpin 2 hybridization, displaces and releases the target sequence. The
released target sequence is now able to walk to the neighbor hairpin 1 and repeat the abovementioned cascade
autonomously. At the end, there are hairpin 1- hairpin 2 complexes on the surface of AuNPs (AuNPs-H1-H2
complexes). Simultaneously, a colorimetric assay is in progress on a larger scale. The hairpin 1-functionalized
AuNPs are at a regular distance from each other. When the target sequence is present in the reaction and the
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Fig. 1. The schematic depiction of the principles of AuNP-conjugated single-legged DNA walker driven by
CHA, biosensor function in sensing the target.
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Fig. 2. Characterization and conjugation of AuNP. (A) The UV-Vis scanning absorbance. The figure depicts
the absorbance in 300-800 nm range which shows the proper distribution of the gold nanoparticles and
AuNP-H1 structures. (B) Salt induction colorimetric test. The left microtube contains AuNPs and microtube
in right contains AuNProbes after salt induction. (C) FT-IR diagram comparison between AuNPs and
AuNProbes. It represents two absorbance peaks at 1072 cm™ and 995 cm-1 which shows that the successful
$=0 and C=C bond formation respectively. (D) Dynamic light scattering (DLS) analysis. 1: The DLS graph
determines the average particle size of AuNPs is 95.74 nm. 2: The size distribution of AuNProbes. The mean
size of the AuNProbes is 104.59 nm. (E) TEM Imaging of AuNPs and AuNProbes in the scale of 200 nm.

1: Before functionalization, 2: After functionalization. Separate figures are provided individually in the
supplementary file.

cascade begins, at first a slight blue-shift appears in the positive sample which could be the result of the charge
density alteration when the designed machinery is active. Yet, the reaction mixture becomes more reddish
when the reaction continues. This indicates that the ion density on AuNPs is increased in the end-point color
differentiation. Besides, AuNPs are more negatively charged which affects the regular distance of AuNPs from
each other, leading to an increase in redshift.

Target sequence

Klebsiella pneumoniae is one of the most significant secondary infectious agents and its detection is highly
needed. Several genes involved in the pathogenicity of the bacteria were analyzed using NCBI's BLAST. The
results indicated that the gene KPHS_51180 which encodes the “divergent polysaccharide deacetylase family”
protein presented the required specificity. The target gene plays an important role in the capsule formation of the
bacterium that helps the pathogenicity of K. pneumoniae**?*. This is the first report on the usage of this gene as
a target for the detection of K. pneumoniae. A target sequence was selected from the gene and used as a trigger
by which the machinery of the system is started.

Characterization and conjugation of AUNP

To ensure the functionality of the designed system, firstly, AuNP was characterized and its conjugation was
evaluated. As it is shown in Fig. 2, UV-vis spectroscopy was used to characterize AuNPs before and after
functionalization. Scanning the spectrum of 500-700 nm shows the absorbance peak at 528 nm confirming the
proper distribution of the particles (Fig. 2A).
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Fig. 3. Confirmation of CHA-DNA walker assay. (A) Agarose gel-electrophoresis results suggesting that

the DNA walking-CHA procedure has occurred. Lanel: H2. Lane 2: H1. Lane3: positive. Lane4: ladder.

Laneb5: negative. Original gel and the gridded version are presented in Supplementary file. (B) The UV-Vis
spectroscopy to compare the absorbance of the positive sample (red) with the negative sample (Blue) at 520 nm
in 90 minutes. The color differentiation between positive (top) and negative (bottom) samples at the endpoint
of CAH-DNA walker reaction. (C) TEM imaging of positive and negative samples at the scale of 200 nm. 1:
Negative sample. 2: Positive sample. As depicted in the figure, at the 200 nm scale in the positive sample,

the distance between AuNProbe clusters is approximately 346 nm while in the negative sample, the whole
AuNProbes have become coagulated. (D) Zeta potential of positive and negative samples. 1: Positive sample. 2:
Negative sample. Separate figures are provided individually in the supplementary file.

A colorimetric differentiation was also observed after performing a salt induction assay for both AuNP and
AuNProbe solutions. The assay evaluates the stability of the samples where a higher charge density around
AuNProbes makes it more resistant to the ion shock that is caused by the salt induction and remains red when
the salt is added. However, a blue-shift occurred in AuNP, immediately after the salt induction (Fig. 2B).

The conjugation of the probes to the AuNPs was evaluated using FT-IR. The corresponding diagram
demonstrates two absorbance peaks at 1072 cm~!and 995 cm™!, the former confirmed the S= O bond formation
and the latter revealed the formation of C=C?® which indicated the fabrication of AuNP-H1 nanostructures.
(Fig. 2C)

Dynamic light scattering (DLS) analysis was also performed to determine the size distribution of the
particles. According to DLS results, the average diameter of the AuNPs was 127.96 nm and that of AuNProbes
was 104.59 nm (Fig. 2D).
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Fig. 4. Sensitivity and specificity of the designed technique. (A) Sensitivity. The UV-Vis absorption of each
dilution along with their error bars (error bars represent mean value of three independent identical replicates).
Respectively, from the left: 100, 10-1, 10-2, 10-3, and 10-4. This suggests that the smallest DNA target that the
designed technique is capable of detecting is as low as 2.5 nM. (B) Specificity. The colorimetric differentiation
between the positive and five other negative samples: 1- Klebsiella pneumonia (positive), 2- Morganella
morganii, 3- Yersinia enterocolitica, 4- Shigella sonnei, 5- Citrobacter freundii, 6- Helicobacter pylori.

In Fig. 2E, TEM images confirmed the desired size and spherical morphology of nanoparticles. After adding
the H1 oligonucleotides to the nanoparticles, the particles seem more dispersed in the TEM imaging. This could
be as a result of an increased charge density on the surface of the particles which is as well evidenced by the zeta
potential results.

Analysis of the CHA-DNA walker assay

The bioinformatic analysis of the practicability of the reaction cascade was primarily conducted by the software
mentioned in Sect. 2. According to which, the thermodynamic probability of conformation of H1 (AuNP)-H2
which was measured by A G, was — 167, indicating that the two main components show a significant affinity
towards each other. Yet there could not be a bond except in the presence of the target. To confirm these results,
agarose gel electrophoresis was performed to validate the existence of AuNP-HI1-H2 structures in comparison
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to hairpinl and hairpin2. AuNP-H1-H2 complexes are formed only when the target sequence exists, and the
DNA circuit runs successfully. It is illustrated in Fig. 3A, that when the 51nt H1(= AuNProbe), the 46nt H2,
and CHA-DNA walker system products (positive and negative samples) are each loaded individually, the
positive CHA-DNA walker lane was heavier in the gel documentary. This indicated that the CHA-DNA walker
system has started, and the complex nanostructures were formed. The size of the CHA-DNA walker system in
the presence of the target DNA, was predicted to be somewhere between 97 and 120 bp which complies with
the results showed in the gel electrophoresis lane 3. On the other hand, the negative CHA-DNA walker lane
showed a smear-like pattern on the gel and was lighter than the positive sample. It is worth mentioning that the
ladder was only used to check that the gel-electrophoresis was run properly and not to determine the precise
molecular weight of the products. To help visualizing short H1 and H2 hairpins on lane 1 and lane 2 of the gel
electrophoresis, a ten-fold final concentration was used.

The UV-Vis spectroscopy demonstrates that at the 520 nm wavelength and after 90 min, the absorption of
the positive sample changed from 0.08 to 0.058 while the absorption of the negative sample changed from 0.098
to 0.05 with a sharp decrease in the first 10 min. It significantly showed that the red color of the positive samples
(Fig. 3B) was more stable than the negative sample. The result was also distinguishable by the naked eye at the
reaction endpoint.

The TEM images in Fig. 3C revealed that the particles are at a further distance in positive samples compared
to the negative samples suggesting that the CHA-DNA walker system was performed productively. The distance
between the particles is due to the increased charge density around the positive sample particles compared to the
negative sample. The results were also affirmed by zeta potential analysis, shown in Fig. 3D.

To realize the lowest amount of nucleic acid content that our design is able to detect, a serial dilution was
performed. The naked eye and UV-Vis spectroscopy were used to evaluate the power of the method to detect
minute amounts of the target sequence. A red color is still visible in the reaction in which the target sequence is
diluted 10 folds in comparison to the normal amounts of DNA content which was 0.25 pM, while in reactions
with more diluted targets (i.e. 1072 and 10~%), the blue-shift occurred. This suggests that the designed technique
is capable of diagnosing the small quantities of target DNA, as little as 2.5 nM. As it is shown in Fig. 4A, this
result was also confirmed with the UV-Vis spectroscopy where the absorbance of each dilution was measured
in 520 nm wavelength.

To evaluate the specificity of the method, the results were compared against five additional bacterial strains.
As depicted in Fig. 4B, the designed technique successfully differentiated between the positive sample and the
five other bacteria calorimetrically.

Figure 4.

Discussion and conclusion

The experimental findings have elucidated the functional capacity of the engineered CHA-DNA walker system
in harnessing nanoparticles to establish a colorimetric methodology through the conjunction of AuNPs with HI.
The validation of the formation of transient intermediate structures, exclusive to the completion of the reaction,
was confirmed through agarose gel electrophoresis, zeta potential assay, and TEM imaging. The discernible
color differentiation between positive and negative samples, perceptible to the naked eye, was substantiated via
spectroscopic analysis. The study has demonstrated the viability of leveraging the colorimetric properties of
AuNPs in conjunction with the signal amplification characteristics of a CHA-DNA walker reaction cascade for
the detection of a clinically significant biomarker. The developed biosystem represents a diagnostic approach
that integrates the machinery of CHA-DNA walkers with the colorimetric attributes of gold nanoparticles for
identifying a crucial prokaryotic gene in K. pneumoniae. This investigation has introduced an enzyme-free, tag-
free, one-pot colorimetric technique by engineering a single-stranded DNA walker based on the CHA system for
sensing and diagnosing a prokaryotic gene. By simplifying equipment requirements, streamlining procedures,
and reducing the need for specialized expertise, this method emerges as a promising candidate for biosensing
applications, particularly for short nucleo-biomarkers. While the utilization of nanoparticles in colorimetric
detection methodologies is well-documented in literature?”?, and they have been applied to sense numerous
biomolecules including cancerous and infectious bacterial biomarkers?*? in different forms such as DNA
dendrimers®!, DNA tweezers®?, DNA walkers®?, and DNA circuits*, and even the most recent studies employing
three pedal DNA walker using the FAM tag to detect the early cancerous biomarkers*, the concurrent utilization
of CHA-DNA walker signal amplification and colorimetric properties of AuNPs to diagnose a prokaryotic
pathogen biomarker without employing any tag, dye, and enzyme remains unprecedented. It is noteworthy that
the technique designed here is not meant to be able to discriminate the various strains of Klebsiella pneumoniae at
this point. As it is repeatedly mentioned before, the primary focus of this research at this stage was the design of
a novel detection method to recognize the nucleic acid content of K. pneumonia at the species level, without the
need for complex equipment and using enzymes. Although the ultimate objective of this project is to develop an
efficient method that is applicable to more complex samples, the optimization of the designed method, is being
pursued in subsequent stages. The method is seemingly preferable over the aggregation-based AuNP biosensors
because of its signal amplification process during the CHA reaction. With respect to a promising simple design
pattern in comparison with the other DNA-walking mechanisms, the method has a strong potential to be applied
in the next generation detection techniques.

To encapsulate the findings, this investigation has revealed the prospective employment of AuNPs
colorimetric qualities alongside the signaling intensification attributes of a CHA-DNA walker reaction sequence
for the identification of a medically significant biomarker. This approach presents itself as a compelling alternative
within the realm of biosensing endeavors, notably for the recognition of brief nucleo-biological markers, while
also displaying considerable promise for inclusion in forthcoming generations of analytical tools.
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