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Hepatitis C virus (HCV) continues to be a significant public health challenge, affecting an estimated 71
million people globally and posing risks of severe liver diseases. Despite advancements in treatments,
diagnostic limitations hinder the global elimination efforts targeted by 2030. This study introduces an
innovative diagnostic approach, integrating catalytic hairpin assembly (CHA) with plasmonic core-
satellite gold nanoparticle (AuNP) assemblies, to enable sensitive and specific detection of HCV RNA. We
optimized the stoichiometry of DNA hairpins to form highly stable three-way junctions (3WJs),
minimizing non-specific reactions in an enzyme-free, isothermal amplification process. The resulting
dual-transduction biosensor combines colorimetric and surface-enhanced Raman spectroscopy (SERS)
techniques, utilizing the Raman reporter malachite green isothiocyanate (MGITC) for signal generation.
Our system targets a conserved 23-nucleotide sequence within the HCV 5-UTR, essential for RNA
replication, facilitating pan-genotypic HCV detection that complements direct-acting antiviral strategies.
We evaluated the biosensor's efficacy using fluorescence spectroscopy, native PAGE, AFM, and TEM.
Findings indicate that the 60 nm core AuNPs surrounded by 20 nm satellite AuNPs achieved a ten-fold

increase in sensitivity over the 10 nm satellites, detecting HCV RNA concentrations as low as 1.706 fM.
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Accepted 19th April 2024 This sensitivity is crucial, given the extremely low viral loads present during early infection stages. Our

research demonstrates the promise of enzyme-free molecular biosensors for HCV, with the potential to
provide cost-efficient, rapid, point-of-care testing, although further sensitivity enhancements are needed
to address the challenges of early-stage detection.
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Introduction
Global burden and challenges of hepatitis C

Despite the existence of curative treatments, hepatitis C virus
(HCV) remains a global public health threat. An estimated 71
million infected individuals worldwide risk developing severe
liver disease and hepatocellular carcinoma.® While the World
Health Organization targeted HCV elimination by 2030,
current diagnosis and treatment rates appear inadequate.
Direct-acting antivirals can clear over 95% of chronic HCV
cases,’ yet only 18% of the infected population is diagnosed.*
Studies predict 80% of high-income countries will fail the 2030
target,” with 67% still falling short if given until 2050.° This
outlook seems even more ominous in resource-limited
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settings.” Expanding point-of-care screening will prove critical
to attaining elimination goals by enabling access for vulnerable
groups frequently beyond the reach of conventional laboratory
testing. The early detection and treatment of individuals
infected with HCV is critical to reducing transmission. This
situation highlights an urgent need for developing and
distributing cost-effective, user-friendly, and rapid point-of-care
tests.

Conventional diagnostic approaches for HCV

Currently, the predominant clinical diagnostic techniques
utilized for HCV detection are serological tests for identifying
antibodies developed against the virus, and HCV-RNA in
serum.® As the most common first-line screening method,
clinical laboratories frequently employ anti-HCV enzyme
immunoassays to detect antibodies signaling exposure to the
hepatitis C virus. However, these assays can produce false
negatives during the initial acute phase of infection (0-10 days
post-exposure) when the antibody response may not yet be
substantial. This issue is especially problematic in cases of HIV
co-infection.®'® The medical community regards nucleic acid
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amplification tests (NAATs) as the definitive method for diag-
nosing active HCV infection. Popular nucleic acid detection
methods encompass PCR variants, like RT-qPCR and nested
PCR. However, performing NAATs remains restricted to
centralized laboratories due to prohibitive costs for equipment
and intensive staff training demands, creating barriers to
widespread access. Isothermal amplification offers a more
affordable alternative to PCR, needing minimal instrumenta-
tion amenable to point-of-care use. Enzyme-assisted isothermal
methods include nucleic acid sequence amplification
(NASBA),'*>  loop-mediated  isothermal  amplification
(LAMP),"** rolling circle amplification (RCA),'*"” and recom-
binase polymerase amplification (RPA).'®'° However, depen-
dence on enzyme catalysis introduces supply, cost, and
technical hurdles that need to be addressed for decentralized
adoption. Enzyme-free techniques present a promising solu-
tion, instead utilizing the inherent self-assembly of nucleic
acids - such as Watson-Crick base pairing and nucleoside
modifications - to construct nanostructures in a bottom-up
approach.” This avoids instability while retaining the adapt-
ability underpinning amplification reactions.

Enzyme-free, isothermal molecular biosensors using nucleic
acid amplification for detection of HCV

Molecular biosensors often use enzyme-free toehold-mediated
strand displacement as the main mechanism for amplifying
test signal output®® In a typical approach, the spontaneous
hybridization between two complementary sequences results in
the displacement of a previously combined strand. The rate of
TMSD reactions is governed by sequence composition and
length of the toehold. Catalytic hairpin assembly (CHA) is one
approach that utilizes enzyme-free amplification through the
TMSD mechanism.”*** Typically, a CHA reaction is executed
using two complementary DNA strands prepared as meta-stable
hairpin structures. Spontaneous hybridization between the two
DNA strands is purposely prohibited, as the complementary
domains are enclosed within the hairpin stems. When a target
sequence is present, the two hairpins are configured to
sequentially unfold based on their rationally designed toehold
regions, leading to the rapid formation of stable DNA
complexes. The forward reaction and amplification are achieved
through recycling of the molecular target which catalyzes
further complex formations. CHA has shown vast versatility in
biosensor development through successful integration with
multiple analytical signal transduction modalities. These have
included fluorescence,”®* chemiluminescence,”®*® electro-
chemical,***' SERS,**** and colorimetry,**** resulting in sensing
platforms that are both highly sensitive and precise.

Plasmonic core-satellite nanostructures as SERS and
colorimetric biosensors

Surface-enhanced Raman spectroscopy (SERS) offers ultrasen-
sitive detection down to single molecules by exploiting plas-
monic nanostructures to amplify electromagnetic fields and
Raman signals. Rapid, non-destructive SERS maintains
compatibility with diverse transduction mechanisms and
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portable formats applicable across settings from basic research
to clinical diagnostics.*® Biomolecular detection using SERS is
typically achieved using nanoparticles composed of noble
metals whose surface is co-functionalized with Raman-active
dyes and biorecognition elements, including aptamers or
oligonucleotides. Significant increases in SERS intensity and
detection sensitivity can be achieved by exploiting areas of high
electric field intensity (hot spots), generated between the point
of tangency at the interface of two or more plasmonic nano-
particles.*” Furthermore the grouping of the nanoparticles in
close proximity, causes a red shift in the surface plasmon
resonance (SPR) wavelength and a visible color change in
colloidal solutions.*® Different morphologies of gold nano-
particles (AuNPs) have been explored for SERS-based detec-
tion.** Core-satellite nanoparticles have demonstrated
significant potential for both SERS and colorimetric detection.
This is primarily attributed to the precise control achievable
over the spatial arrangement and closeness of the core and
satellite nanoparticles. Such control allows for a more refined
manipulation of their plasmonic properties.*® By integrating
structural alterations, like varying spacer lengths, with diverse
Raman-active molecules and different sizes of core-satellite
nanoparticles, a wide array of configurations can be generated.
These configurations are well-suited for highly sensitive and
specific optical biosensing applications.

In our research, we employ isothermal CHA amplification
resulting in the generation of stable three-way junctions (3W]Js)
as a mechanism to induce the formation of rigid core-satellite
assemblies. We then evaluate the optical signal transduction
properties of these assemblies, which serve as a quantifiable
measure for detecting hepatitis C virus RNA (HCV-RNA). Our
CHA mechanism is designed to precisely target the 5-untrans-
lated region (5’-UTR) of the HCV-RNA sequence, a region that is
preserved across approximately 90% of HCV genotypes.*
Specifically, our target is a 23-nt sequence, spanning positions
21 to 43, that is believed to play a role in RNA replication, due to
it being situated directly adjacent to the internal ribosomal
entry site.*”"** Moreover, the target is well-suited for our anti-
sense oligonucleotide strategy as it lacks substantial secondary
structures, which would necessitate additional processing to
unfold before targeting. Our pan-genotypic approach to HCV
detection also augurs well with the strategies of direct-acting
antiviral treatments.*?

Materials and methods
Chemicals

All DNA oligonucleotides were purchased from Integrated DNA
Technologies. The sequences and their modifications is shown
in Table S1.t Sodium chloride, sodium phosphate monobasic,
sodium phosphate dibasic, potassium chloride, magnesium
chloride, nuclease-free water, HEPES, poly-i-lysine hydro-
bromide (MW 15000-30000, PLL), and Tween 20 were
purchased from Sigma-Aldrich. Citrate-capped AuNPs (10 nm,
20 nm, and 60 nm, all supplied with an OD of 10) were
purchased from Cytodiagnostics, nuclease-free water was used
in all experiments and to prepare solutions. Acrylamide/bis-
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acrylamide solution (29:1), 10x Tris-borate-EDTA (TBE
buffer), ammonium persulfate (APS), N,N,N',N'-tetramethyle-
thylenediamine (TEMED), SYBR Gold staining and Invitrogen
ultra-low range DNA ladder (10-300 bp) were purchased from
Thermo Fisher Scientific.

Instruments used for characterization and sample
measurements

The hydrodynamic dynamic radius and the { - potential of the
AuNPs and DNA hairpin-modified AuNPs were measured using
the Malvern Zetasizer at 25 °C. UV-Vis spectrophotometry was
performed on a Tecan Infinite M Nano plate reader. A Nanodrop
spectrophotometer was used to measure DNA concentration.
SERS measurements were performed using a Wasatch
Photonics benchtop fiber optic Raman spectrometer equipped
with a 785 nm laser, spectra were collected using an 10 s inte-
gration time, 25 mW laser power, and optimal z distance of
11 mm across a spectral range of 260-2000 cm™". All SERS
samples measured were fixed an OD of 1. A BIORAD Mini-
Protean system electrophoresis apparatus and Typhoon FLA
9500 biomolecular imager system were used for running and
imaging the native PAGE gels. Imaging of the AuNPs and core-
satellite assemblies was carried out using a JEOL 1200 EX
transmission electron microscope (TEM). Atomic force
microscopy (AFM) was performed using a Dimension Icon
ScanAsyst AFM.

AFM imaging and analysis

To prepare DNA oligonucleotide samples for AFM imaging, 3 uL
of NiCl, (10 mM) was deposited onto a freshly cleaved mica
substrate and left to adsorb for 5 min at room temperature,
before it was washed three times with a 1x TAE/Mg buffer
(40 mM Tris, 20 mM acetic acid, 2 mM EDTA, 12.5 mM MgCl,,
pH = 7.5).* 10 pL of the sample either consisting of 1 uM each
hairpin (H), H1, H2, and H3 (negative control) or 1 uM each of
H1, H2 and H3 with 100 nM HCV target (positive control) was
deposited onto the mica surface and left to adsorb for 3 min.
The AFM measurements across the mica surface were per-
formed in air-tapping mode. Drive frequencies were modulated
between 5 and 500 kHz. After flattening the images, a protocol
adapted from Lysetska et al. was used to determine the DNA
contour length within Image]J.*

15% native PAGE

For the preparation of the 15% polyacrylamide gel plates, a base
solution was created by mixing equal volumes of acrylamide/bis-
acrylamide (29 : 1) with 2x TBE. To this base solution, we added
APS at a concentration of 0.01% of the base volume and TEMED
at a concentration of 0.001% of the base volume. For all gel
experiments the H1, H2, H3, and HCV RNA, were used at a final
concentration of 1 pM. To generate the hairpin structures, 10 uM
of hairpin-forming oligonucleotide sequences were heated to
95 °C for 5 minutes, then allowed to cool to RT over a period of 2
hours. We employed the same method previously established to
confirm the formation of DNA complexes during the refinement
of the CHA amplification protocol. During this optimization, we
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adjusted the component volumes to obtain the desired concen-
tration in the final CHA reaction mixture. The reaction buffer for
this final mixture was composed of 20 mM Tris (with a pH of 7.6),
2 mM EDTA, 200 mM HEPES, 400 mM NacCl, 10 mM MgCl,, and
100 mM KCI. After conducting the CHA reaction for we added
glycerol to the reaction. This addition increased the glycerol
concentration to 10% of the total mixture volume. Consequently,
the overall volume of the reaction mixture was adjusted to 12 pL.
This final volume was then ready for loading into the wells of
a polyacrylamide gel for analysis.

Fluorescence spectroscopy for optimization of hairpin
concentrations

To study the interactions between the hairpins and evaluate the
reaction kinetics of the CHA mechanism used to form the stable
3WJs, we carried out fluorescence quenching experiments.
Since fluorescein (FAM) was used as the fluorescent component
in all experiments the excitation and emission wavelengths
were set at 495 nm and 520 nm, respectively. The gain settings
were normalized to the highest expected signal intensity. For
CHA mechanism validation studies, the hairpins featured
either a 5'-FAM modification, a 3’-quencher modification, or
both. To determine the ideal concentrations of the hairpins
required to detect the lowest concentrations of HCV-RNA target
H1 was kept at a constant concentration of 500 nM. While H2
and H3 concentrations were varied from 50 to 500 nM. HCV-
RNA target was tested at serial dilutions with concentrations
of 10 nM, 2 nM, 400 pM, 80 pM, and 16 pM.

To determine the optimal signal-to-noise ratio (SNR), we first
tested varying concentrations of H2 while maintaining both
FAM-H1-quencher and H3-quencher at a fixed concentration of
500 nM. To optimize the H3-quencher concentrations we
carried out two sets of experiments. In the first set of experi-
ments, FAM-H1-quencher was incubated with the aforemen-
tioned concentrations of HCV RNA. Following a 2 hour
incubation, the reaction volume was adjusted from 15 pL to 30
uL with the addition of CHA reaction buffer and water. In the
second set, the procedure was mirrored with the addition of H3-
quencher after the initial 2 hour period, adjusting the H3-
quencher concentration to fall within the 50-500 nM range.
Control measurements included FAM-H1-quencher alone and
in combination with either H2 or H3-quencher. These controls
were essential to distinguish specific CHA-induced fluorescence
from non-specific signals. In all experiments fluorescence
measurements were captured every 5 minutes over a span of 4
hours, separate wells were employed for each measurement to
prevent photobleaching. The total reaction volume for these
measurements was maintained at 30 pL and a 1x final
concentration of the CHA reaction buffer was kept consistent
throughout. An integration time of 1 ms was used for all fluo-
rescence readings to ensure consistent data capture.

Preparation of AuNPs for CHA mediated formation of core-
satellite assemblies

Spherical AuNPs were functionalized with monothiolated
hairpin DNA using a modified pH-assisted conjugation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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approach.” In a typical modification approach, 60 nm AuNP
core particles (OD 10) were mixed with monothiolated H1 (500
nM), in the presence of Tween 20 (0.01% w/v) and trisodium
citrate (30 mM, pH 3.0). The mixture was allowed to incubate for
30 min, after which the hairpin-functionalized AuNPs were
isolated by centrifuging them at 4000 rpm for 30 minutes at 4 °
C. The AuNP cores were then resuspended in phosphate-
buffered saline containing 0.01% (w/v) of Tween 20 (PBST).
The 10 and 20 nm AuNP satellite particles were each coated with
monothiolated H2 (50 nM) and H3 (300 nM), using the previ-
ously outlined approach. The functionalized satellite AuNPs
were washed and isolated by ultracentrifugation two times at
6000 rpm for 30 min at 4 °C in PBST. Samples were stored at 4 °©
C in PBS buffer (0.01 M, pH 7.4) until further use. To enable
SERS activity, the hairpin functionalized satellite AuNPs were
modified with malachite green isothiocyanate dye (MGITC)
using a ratio of approximately 1000 dye molecules per particle.*
This was achieved by agitating the mixture for 2 hours at RT.
After mixing, the SERS-active, hairpin-functionalized AuNP
satellites were centrifuged at a speed of 6000 rpm for 30 min at
4 °C. Subsequently, the supernatant was discarded, and the
nanoparticles were reconstituted in PBS and stored at
a temperature of 4 °C.

Formation of the core-satellite assemblies in the presence of
CHA

The 3WJ-CHA mechanism was performed using the Hi-
functionalized 60 nm AuNP cores and either 10 or 20 nm H2
and H3-functionalized satellites, SERS-active AuNP satellites.
Before mixing the core and satellite particles they were sepa-
rately resuspended in 1x CHA buffer (pH 7.2). The target HCV-
RNA was then introduced to the core AuNPs and allowed to
incubate for 2 h at 37 °C. Afterward, the satellite AuNPs were
mixed with the core AuNPs, and the CHA reaction was allowed
to proceed while the mixture was kept at 37 °C. Before mixing,
UV-Vis measurements were used to confirm that the ratio of
satellite-to-core nanoparticles was 100: 1. For SERS measure-
ments 20 pL of the reaction solution was transferred to a 384
well microplate for Raman interrogation. The acquired spectra
were smoothed and baseline corrected in MATLAB prior to
analysis.*® MGITC vibrational modes observed at 1171 cm ™",
1368 cm ', and 1617 cm ™! were used to create standard curves
for evaluating the relationship between HCV-RNA concentra-
tion and SERS signal intensity.*>**

For colorimetric quantification, the extracted CHA reaction
was treated with PLL to improve the stability of the core-satel-
lite assemblies prior to analysis.*® The core-satellite assemblies
were incubated in an aqueous solution containing 8 mg per mL
PLL and 10 mM MgCl, for 1 h. The stabilized particles were
centrifuged at 4000 rpm for 30 min after which they were
resuspended in the same PLL/MgCl, solution. We hypothesized
that plasmonic coupling within the core-satellite assemblies
would display a relationship in response to HCV-RNA concen-
tration, resulting in a measurable red shift in the UV-visible
spectrum. To quantify this shift, we compared the absorbance
ratios at 600 nm and 528 nm. Control experiments were also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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performed, which involved taking corresponding measure-
ments in the absence of HCV RNA to serve as a baseline for
comparison.

Results and discussion
Designing the 3W]J-CHA amplification mechanism

The CHA mechanism displayed in Fig. 1 is facilitated using
three rationally designed, meta-stable hairpin DNA sequences
(H1, H2, and H3) in which amplification is catalyzed via the
target HCV-RNA sequence which gets recycled upon the
formation of a stable 3WJ. A total of 9 complementary domains
were chosen to make up the nucleotide sequences of the hair-
pins. The mechanism can be broken down into three integral
steps. The catalytic hairpin assembly (CHA) mechanism for
detecting HCV-RNA begins with the introduction of the HCV-
RNA target strand (TS). This target strand contains sequences
complementary to regions on hairpin H1. Specifically, the
toehold domains marked as 1* and 1 on TS and H1, respec-
tively, initiate hybridization, leading to the formation of an
intermediate complex, denoted as IC1. The single-stranded
overhangs on IC1, labeled as domains 4-5-3*-2%* then
interact with hairpin H2. This interaction utilizes the toehold-
mediated strand displacement to open H2, resulting in
a second intermediate complex, IC2. Subsequently, a stable
three-way junction (3W]J) is established. The formation of this
3W] is driven by the overhangs on IC2, labeled as domains 4-9-
1, which now engage with hairpin H3. The interaction with H3
allows for the hybridization and subsequent displacement of
the TS, freeing it to participate in further rounds of CHA
amplification. This series of hybridization and displacement
events is the basis for the amplification of the signal, which
correlates with the presence and quantity of the HCV-RNA
target.

The complete list of sequences used for the CHA amplifica-
tion mechanism is provided in Table S1.f H1 and H3 each
contain one toehold region of 8 nts each, while sequence H2
consists of two toehold sequences, consisting of 15 nts at the 5'-
end and 8 nts at the 3’-end. The longer toehold at the 5’-end of
H2 was purposely chosen to facilitate hybridization to the 4
complementary domains of H1. Stem sequences were purposely
designed to have the highest CG content (greater than 55%
within all hairpins), and to be longer in length than any exposed
toeholds. This measure was implemented to minimize the
likelihood of unintended leakage and the nonspecific opening
of hairpins in scenarios where the HCV-RNA target is not
present. However, it is important to acknowledge that fully
eliminating these risks is unfeasible. The forward propagation
of the CHA amplification mechanism using the devised
sequences was evaluated using NUPACK nucleic acid design
and analysis software.

Validating the 3WJ-CHA amplification mechanism using
native-PAGE and AFM

The image of the gel shown in Fig. 2 confirms the generation of
the stable 3W]J, and the respective intermediates including the

Chem. Sci., 2024, 15, 8112-8126 | 8115
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Fig.1 HCV-RNA catalyzed hairpin amplification (CHA) mechanism. This schematic illustrates the cyclic process of HCV-RNA target sequence
(TS) recognition and amplification through a series of hairpin structures and intermediate complexes. The diagram is color-coded according to
the 9 complementary domains and annotated to depict the step-by-step formation and transformation of CHA complexes.

tentative identification of leakage products which inevitably
form when employing CHA approaches.>” The dotted boxes
displayed on the image are color coordinated to the hairpins,
target sequence, intermediates, and 3-way junction represented
above the image. Major leakage products are highlighted by
a grey box and their tentative assignments are written in blue on
the gel. Lanes 1, 2, and 3 represent the individual bands
observed for H1, H2, and H3, respectively. Lane 4 shows the
bands observed when H1 and H3 are mixed, the presence of
a single band at a position representative of H1 and H3 and
a very light band at higher molecular weight indicates there is
little cross-hybridization. Similarly, only a small amount of
cross-hybridization is observed when H1 is combined with H2
in lane 5. When H2 is combined with H3 (lane 10) we do observe
slight formation of a much higher molecular weight complex,
which may be due to the hybridization between adjacent
regions 4, 9, and 1* on H2 to regions 4* 9% and 1 on H3.
However, since it is located at the top of the gel we hypothesize
that the complex involves more than one of each sequence.
When H2 and TS are mixed (lane 6) we also observed a second
band at higher molecular weight which we tentatively assigned
to hybridization between the toehold domain in regions, 2 and 3
of H2 with regions 2* and 3* on the TS. No hybridization was
observed upon mixing of H3 with TS (lane 7). The successful
formation of the IC1 complex was confirmed in lanes 8 and 9
where H1 and TS (lane 8) and H1, H3 and TS (lane 9) were
mixed. Lane 11 confirms the formation of the H2 + TS
complexes in the presence of H2, H3, and TS, in the absence of

8116 | Chem. Sci, 2024, 15, 8112-8126

H1, while in lane 12 we confirm the formation of the IC2
complex upon mixing H1, H2, and TS. Lane 13 displays a band
corresponding to the 3WJ when all hairpins are mixed.
However, with the introduction of the TS in lane 14, there is
a noticeable intensification of the 3W] band, along with
a significant decrease in the intensity of the bands for H2 and
H3. This suggests that the presence of the HCV-RNA target
facilitates more efficient assembly of the 3W] through TS
recycling.

Our methodology mirrored that of Lysetska et al,"” who
employed contour length measurements obtained from AFM
imaging to determine the length of DNA immobilized on a mica
surface. AFM images depicted in Fig. 3, panels (A) through (D),
illustrate the varying extent of complex formation, corre-
sponding to the mixtures detailed in lanes 8 (H1 and TS), 12
(H1, H2, and TS), 13 (H1, H2, H3), and 14 (H1, H2, H3 and TS),
of Fig. 2 respectively. Contour length measurements were
compared with end-to-end distances of DNA hairpins of
different lengths based on a method previously reported by
Shlyakhtenko et al.*® Based on the estimation that the average
base pair was ~0.34 nm in length. When H1 and TS were
combined (Fig. 3A and the red line in Fig. 3E) many fragments
are observed to be below 10 nm, which suggests that a signifi-
cant percentage of H1 is associated with TS to form the IC1
complex, which should be ~7.82 nm in length (0.34 nm x 23).
When H1, H2 and TS are combined (from Fig. 3B, and the green
line in Fig. 3E); a triplex consisting of 46 nt is expected to form
which should approximate a length of 15.64 nm (0.34 nm x 46).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 15% native PAGE image highlighting the tentative assignment of CHA products. We prepared a range of sample mixtures for analysis: lane
1 contains H1; lane 2 has H2; lane 3 features H3; lane 4 includes a mixture of H1 and H3; lane 5 combines H1 and H2; lane 6 is composed of H2
with HCV RNA; lane 7 has H3 with HCV RNA; lane 8 includes H1 with HCV RNA; lane 9 combines H1, H3, and HCV RNA; lane 10 is a mix of H2 and
H3; lane 11 features H2, H3, and HCV RNA; lane 12 contains H1, H2, and HCV RNA; lane 13 includes all three hairpins H1, H2, and H3; and lane 14
has the full set: H1, H2, H3, and HCV RNA. Colored dotted boxes on the gel correspond to the tentative products formed, as depicted in the
schematic.
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Fig.3 AFM analysis of the 3WJ CHA reaction. All AFM measurements were collected in height mode across an area of 500 x 500 nm? using a Z
range of 4 nm using hairpin concentrations (H1, H2, H3) of 1 uM and an HCV-RNA concentration of 10 nM. (A) AFM image for H1 incubated with
HCV-RNA. (B) AFM image for H1 incubated with H2, and HCV RNA. (C) AFM image for H1 incubated with H2, and H3. (D) AFM image for H1
incubated with H2, H3, and HCV-RNA. (E) The plot of contour length distributions acquired from the AFM images.
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In our case, most of the fragments are under 16 nm which can
be tentatively assigned to the formation of products that include
populations of both H1-HCV RNA duplexes (IC1) and H1-H2-
HCV RNA triplexes (IC2). When all the hairpins are combined in
the absence of HCV RNA (Fig. 3C, and the black line in Fig. 3E)
we expected based on the comparative gel electrophoresis data
(Fig. 2, lane 5 for H1 + H2 and lane 13 for all hairpins) that H1-
H2 which is observed very faintly in lane 13 and 3WJ complexes
would be formed. The H1-H2 complex is 32 nt and has an
estimated length of 10.88 nm (0.34 nm x 32), while the end-to-
end length of the complementary sequences within the 3WJ is
estimated to be between 48 and 56 nt thus has a length of
between 16.34 nm (0.34 nm X 48) and 20 nm (0.34 nm x 56).
Consequently, as seen in Fig. 3E (black line); a high percentage
of the product population has sizes greater than 11 nm which
indicates the dynamic nature of these reactions where hairpins
are attempting to reach steady state by forming stable
complexes. Finally, in the presence of HCV RNA in Fig. 3D and E
(blue line), we see most fragments having an average size
between 16 and 20 nm which is consistent with the anticipated
size of the 3W]J. A magnified AFM image of the 3W] can be seen
in Fig. S1.7

Optimization of the hairpin concentrations using
fluorophore-quencher studies

The gel and AFM experiments demonstrate that the CHA
mechanism effectively uses the target TS to form the desired
3WJ complex. Nevertheless, the detection of leakage in the
cycling process, which H2 initiates, prompts concerns
regarding the potential reduction in the sensitivity of our HCV-
RNA quantification method. Consequently, we investigated
how variations in H2 concentration would influence the
detection of HCV-RNA using fluorophore-quencher assays. We
kept the concentrations of our FAM-H1-quencher sequence
and the H3 sequence constant at 500 nM and 250 nM,
respectively, while adjusting H2 concentrations from 25 to
250 nM and the TS from 40 pM to 25 nM. We maintained high
levels of H1 and H3 to enhance TS recognition and ensure the
maximal conversion of intermediate complexes to the stable
3W]J. Our findings, illustrated in Fig. S2,T indicated that higher
H2 concentrations (125 nM or 250 nM) made it challenging to
differentiate between various TS concentrations. However,
a concentration of 50 nM for H2 allowed for the most distinct
differentiation between TS concentrations after approximately
210 minutes of reaction time, especially in distinguishing
between the control (no TS present) and the lowest TS
concentration of 40 pM. Fig. 4A presents the correlation
between TS concentration and fluorescence intensity at H2
concentrations of 25 nM and 50 nM. While the 25 nM H2
concentration also showed clear separation from the control at
the lowest TS concentration, there was negligible difference in
fluorescence intensity for TS concentrations ranging from
5 nM to 200 pM. Therefore, we proceeded with 50 nM H2 for
subsequent experiments.

Observing interactions between our H2 and H3 sequences,
we further explored the optimal H3 concentration to enhance
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the CHA mechanism and improve the sensitivity of TS detec-
tion. In these experiments, we held the concentrations of FAM-
H1-quencher and H2 steady at 500 nM and 50 nM, respectively,
while the concentration of H3-quencher ranged from 50 to
500 nM and the TS varied from 16 pM to 10 nM. Introducing
a quencher to H3 enabled confirmation that the TS was being
effectively recycled. We also posited that the successful forma-
tion of the 3WJ would be indicated by a decrease in fluorescence
intensity, due to the proximity of the quencher on H3 to the
FAM on H1. We established two experimental groups to test this
hypothesis. Group 1 consisted of reactions with FAM-H1-
quencher, H2, and TS, while group 2 included FAM-H1-
quencher and TS without H2. For both groups, the CHA
mechanism was allowed to run for 2 hours, after which H3-
quencher was introduced, and the reaction continued for an
additional 2 hours. We anticipated that a stable intermediate
would form in the reactions of group 1, leading to a marked
increase in fluorescence in contrast to group 2, followed by
a rapid decrease in fluorescence upon the addition of H3-
quencher.

Fig. S3-S51 present the raw time-series fluorescence data
from our experiments that varied H3 concentrations. Fig. 4B
illustrates the relationship between increasing TS concentra-
tions and fluorescence intensity for both experimental groups.
A striking difference between the two groups is the signifi-
cantly higher fluorescence observed in group 2 with a 10 nM
TS compared to group 1. Upon adding the H3-quencher, as
depicted in Fig. 4C, we noted a fluorescence reduction of
approximately 2-6% across all TS levels when 300 nM and
400 nM concentrations of H3 were introduced. This decrease
in fluorescence was attributed to the formation of 3WJs
because of H3 binding to the IC2 complex. At all concentra-
tions of H3-quencher tested the addition of 300 and 400 nM
led to the most marked decrease in fluorescence intensity.
Notably, the decrease was more pronounced at higher TS
concentrations. For TS levels ranging from 16 pM to 2 nM, the
fluorescence signal correlation was almost linear, especially at
H3-quencher concentrations of 300 or 400 nM. While other
H3-quencher concentrations (500, 200, 100, and 50 nM, as
shown in Fig. S3-S57) also resulted in a drop in fluorescence
intensity, they did not provide as clear a differentiation as the
300 nM and 400 nM concentrations. In summary, all
concentrations of H3-quencher tested facilitated target recy-
cling within the CHA process. Yet, the most effective
discrimination of HCV RNA was achieved with quencher
concentrations of 300 nM and 400 nM, suggesting a stoichio-
metric regulation within the system. Determining the optimal
H3 concentration for the most sensitive detection of HCV-
RNA, we varied the TS concentration from 0.04 to 400 pM in
a focused study. Additionally, to align with key findings from
seminal research on CHA mechanisms for viral RNA detec-
tion, we extended the incubation period of 500 nM FAM-H1-
quencher with 50 nM H2 and the TS to 6 hours, as sug-
gested by established literature.>*** Post incubation, H3-
quencher was introduced, and fluorescence intensity was
recorded for an hour. The observed signal reduction for the
two refined H3 concentrations is depicted in Fig. S6f and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Refinement of 3WJ CHA reaction conditions. (A) The plot shows the fluorescence intensity of the 3WJ CHA reaction at two H2
concentrations (25 & 50 nM), in the presence of 500 nM FAM-H1-quencher and H3 across varying HCV RNA concentrations (0.04-25 nM, with
three replicates per concentration). (B) Displays the percentage increase in fluorescence intensity for 3WJ CHA products in two scenarios: group
1(500 nM H1, 50 nM H2, plus the target sequence), and group 2 (500 nM H1 with the target sequence). This comparison aims to assess the role of
H2 in stabilizing intermediate structures at HCV RNA concentrations (16 pM—-10 nM, with three replicates per concentration). (C) Depicts the
percentage reduction in fluorescence intensity, signaling the completion of the 3WJ CHA reaction and the recycling of the target, under two H3-
qguencher concentrations (300 & 400 nM) for HCV RNA concentrations (16 pM-10 nM, with three replicates per concentration). (D) The plot
illustrates the decline in fluorescence intensity of the 3WJ CHA reaction after a 6 hour incubation period using 500 nM FAM-H1-quencher and
50 nM H2, followed by the addition of H3-quencher (300 & 400 nM). Measurements were taken after 1 hour for low-range HCV RNA
concentrations (0.04-400 pM, with three replicates per concentration).

encapsulated in Fig. 4D, which shows a more linear correla- Colorimetric detection of HCV-RNA though 3WJ-CHA
tion of fluorescence intensity with TS concentration at 300 nM  triggered AuNP core-satellite assembly

H3, unlike the 400 nM H3 concentration, which presented
negligible correlation.

These fluorophore-quencher experiments underscore the
crucial influence that the stoichiometry of the hairpins has in
crafting an effective CHA mechanism, especially when consid-
ering different incubation times. Fig. 4C and D indicate that
fine-tuning hairpin concentrations is vital for detecting analytes
over a broad dynamic range. Our research illustrates that the
design and concentration of hairpins must be meticulously
considered to maximize signal-to-noise ratios and mitigate
leakage. These factors are paramount in the development of
isothermal amplification mechanisms for biosensing applica-
tions, regardless of the method of signal transduction
employed.

Following the successful validation and stoichiometric optimi-
zation of our three-way junction catalytic hairpin assembly
(3WJ-CHA) mechanism, we shifted our focus to integrating
hairpins with gold nanoparticles (AuNPs) to develop a colori-
metric assay for quantifying HCV-RNA. Fig. 5A illustrates the
sequential formation of a core-satellite structure through the
3WJ-CHA mechanism for the optical detection of the HCV-RNA
target sequence (TS). Although not depicted in the figure, each
hairpin sequence includes an 18-carbon spacer between the
terminal monothiol and the sequence, enhancing hybridization
efficiency by providing greater flexibility. Fig. S7A-Ct suggests
successful surface functionalization of the AuNPs, as evidenced
by an increased hydrodynamic radius, despite minor signs of

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 8112-8126 | 8119
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Fig. 5 Visualization of core-satellite assembly via 3WJ-CHA. (A) The schematic details the sequential stages of core-satellite assembly
formation driven by the 3WJ-CHA mechanism. (B—E) TEM images sequentially illustrate the core—satellite assemblies ranging from 60-10 nmin
size, capturing the progressive stages of the reaction, with (B) showing the initial stage and (E) showing the final stage.

aggregation in the 10 nm and 20 nm AuNPs after labeling with
50 nM of H2. The subsequent interaction of the modified AuNPs
with the TS under 3WJ-CHA conditions led to a further increase
in hydrodynamic radius, as shown in Fig. S7D and E,} signaling
the assembly of satellite structures. Moreover, the introduction
of various TS concentrations (ranging from 100 fM to 10 nM) to
the hairpin-AuNP complex resulted in an immediate color
change in the colloidal mixture, as documented in Fig. S8.1 To
stabilize the core-satellite assemblies, poly-i-lysine (PLL) was
added, ensuring the integrity of the structures.

Confirmation of the CHA-triggered core-satellite assembly
formation was captured using TEM. The TEM images displayed
in Fig. 5(B)-(E) were acquired at different stages of the CHA
reaction and show the grouping of the smaller H2 and H3
modified-satellite AuNPs around the central core H1-modified
AuNP. The speckled contrast surrounding the core-satellite
structures can be attributed to the formation of the PLL
protective layer, which serves as a stabilizing agent. To ascertain
the performance of the core-satellite nanoparticles for colori-
metric sensing, we evaluated their extinction spectra both with
and without the TS present. Plots shown in Fig. 6A and B
contain data representative of the 60 nm core, 10 nm satellite
nano-assemblies, where (A) shows the normalized absorbance
spectra collected in the presence of varying TS concentrations
and (B) summarizes the observed red-shift in the absorbance
spectrum by ratioing the measured intensities at 600 nm to

8120 | Chem. Sci, 2024, 15, 8112-8126

528 nm (Ayax Of combined AuNPs in the absence of TS). Fig. 6C
and D are representative of the 60 nm core, and 20 nm satellite
nano-assemblies, where (C) shows the measured absorbance
relative to TS concentration and (D) represents the ratioed
intensities. Upon target addition, the plasmonic resonance
peak of the newly formed core-satellite assemblies shifts to
a new maximum at 600 nm (indicated by the cyan line in Fig. 6A
and C) and broadens as the target concentration increases. To
examine the aggregation-induced peak shift in greater detail, we
used the absorbance ratio at 528 nm and 600 nm (Agoo/Aszs) @S
a measure of AuNP aggregation. As depicted in Fig. 6B and D,
this ratio proportionally increases with the HCV-RNA TS
concentration for both sizes of core-satellites, across a broad
dynamic range. However, while we do observe some
concentration-dependent relationship, the colorimetric anal-
ysis only provides a semi-quantitative insight into HCV-RNA
concentrations due to the overlap in error bars.

Quantitative analysis of HCV-RNA concentration using SERS

As an extension of the colorimetric concentration studies of
HCV-RNA we decided to modify the hairpin-functionalized
satellite AuNPs with MGITC to enable the generation of
a SERS signal. Since we had confirmed the CHA-catalyzed
formation of the core-satellite nanostructures using DLS and
TEM, and had further confirmed a semi-quantitative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Colorimetric detection of the HCV-RNA using the 3WJ CHA to facilitate the formation of core—satellite assemblies. (A) shows the
absorbance spectra for 60—-10 nm core—satellite assemblies following incubation with HCV RNA (100 fM—-10 nM in 10 x increments). A red-shift
and peak broadening can be observed when higher concentrations of HCV-RNA are present. (B) The red-shift is emphasized when the ratio of
absorbance intensities at 600 nm to 528 nm are plotted for 60-10 core—satellite assemblies. (C) Shows the absorbance spectra for 60-20 nm
core—satellite assemblies following incubation with HCV RNA (100 fM—-10 nM in 10x HCV-RNA are present. (D) A similar red-shift is emphasized
when the ratio of increments). A red-shift and peak broadening can be observed when higher concentrations of absorbance intensities at

600 nm to 528 nm are plotted for 60—-20 core—satellite assemblies.

relationship between HCV-RNA TS concentration and colori-
metric shifts we hypothesized that the SERS could be used to
more sensitively quantify HCV-RNA. The results of the SERS
experiments for the two combinations of core-satellite nano-
structures (60-10 nm and 60-20 nm) are shown in Fig. 7.
Average SERS spectra collected (n = 3) for each TS concentration
are shown in Fig. 7A and B, for the 60-10 nm and 60-20 nm
core-satellite combinations, respectively.

Standard curves were generated for the 60-10 nm (Fig. 7C-E)
and 60-20 nm (Fig. 7F-H) core-satellites using the intensities of
the MGITC vibrational peaks positioned at 1617 (N-Ph ring and
C-C stretching), 1368 (N-Ph ring stretching) & 1171 cm™" (v
benzene in-plane mode).*** For the standard curves related to
the 60-10 nm assembly, a logarithmic best-fit equation was

© 2024 The Author(s). Published by the Royal Society of Chemistry

derived to determine the LOD using the calculated limit of
blank (LOB),* while a power best-fit equation was used for the
60-20 nm assembly. For the 60-10 nm assembly LODs of 46.7
fM, 35.5 fM, and 40.6 fM were obtained for the peaks situated at
1617, 1368, and 1171 cm™ ' respectively. For the 60-20 LODs of
4.015 fM, 1.706 fM, and 2.033 fM were obtained for the vibra-
tional modes at 1617, 1368, and 1171 cm ™' respectively. While
both core-satellite configurations are capable of detecting HCV-
RNA at femtomolar levels, the 60-20 nm assemblies were
approximately 10 times more sensitive. The increased sensi-
tivity of the 60-20 nm nanostructures could be a result of several
factors including optimal interparticle spacing between the
60 nm core and 20 nm satellites resulting in the creation of ‘hot
spots’, an LSPR closest to the 785 nm excitation wavelength

Chem. Sci., 2024, 15, 8112-8126 | 8121
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Fig. 7 SERS quantification of the HCV-RNA using the 3WJ CHA to facilitate the formation of core—satellite assemblies. The SERS intensity of
vibrational modes at 1171, 1368, and 1617 cm ™! were analyzed to generate standard curves to relating to HCV-RNA concentrations. (A and B)
shows the baseline corrected SERS spectra for the different concentrations (100 fM-10 nM) of HCV-RNA for 60-10 & 60—-20 nm core—satellite
assemblies respectively. The spectra displayed represent the averages of n = 3 independent samples. (C—E) displays the standard curves for LOD
determination based on the SERS intensities of the three vibrational modes using the 60—-10 nm core—satellite assemblies. (F-H) displays the
standard curves for LOD determination based on the SERS intensities of the three vibrational modes using the 60—-20 nm core-satellite

assemblies.
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resulting in better matching and stronger plasmonic enhance-
ment or the fact that the 20 nm satellites have a greater surface
area for MGITC attachment compared to the 10 nm satellites,
which can contribute to the generation of a stronger signal.
Regardless of core-satellite configuration used, it can be
concluded that SERS provides a much more sensitive method-
ology for the quantification of the HCV-RNA TS in contrast to
the colorimetric approach.

Discussion and conclusion

In our research, we have pioneered a novel method that employs
catalytic hairpin assembly (CHA) to construct SERS-active core-
satellite assemblies anchored by a highly stable three-way
junction. This method is designed for the specific detection of
a 23-nucleotide segment within the 5-UTR of HCV RNA. Our
findings underscore the significance of fine-tuning the stoi-
chiometric balance of the hairpins, which is crucial for mini-
mizing non-specific reactions and improving the overall
effectiveness of non-enzymatic, isothermal amplification tech-
niques. The employment of a 3W]J-CHA-based strategy to
initiate the formation of core-satellite structures has yielded
a novel dual-transduction technique that leverages both color-
imetric and SERS modalities to detect and quantify HCV-RNA
target sequences. Methods like the one we have developed
here hold promise as powerful, enzyme-independent, and cost-
effective tools for molecular sensing. Improving the sensitivity
of this method is crucial, especially because HCV RNA can be
present at very low concentrations, ranging from 0.1 aM to 6.8
fM, during the early stages of infection.®® Currently, commercial
gold-standard HCV NAAT assays such as the COBAS AmpliPrep/
COBAS TagMan HCV Test v2.0 (Roche Molecular Systems) and
the Abbott RealTime HCV Assay (Abbott Molecular) have limits
of detection (LODs) of 40-50 copies per mL (0.07-0.08 aM).***>
Future enhancements in sensitivity could be achieved by engi-
neering cascades of multiple DNA hairpin arrangements,
potentially resulting in greater signal amplification. Further-
more, optimizing nanoparticle substrates to augment SERS-
related electromagnetic enhancements presents an additional
path to strengthen the detection signal.
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