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Abstract

A sequence-specific oligonucleotide detection method based on the tail-to-tail
aggregation of functionalized gold nanoparticles in the presence of target ana-
lytes is presented together with its optimization and capabilities for detection
of Single Nucleotide Polymorphisms (SNPs). In this single-step method, cap-
ture probes are freely accessible for hybridization, resulting in an improved
assay performance compared to substrate-based assays. The analytes bring the
nanoparticles close to each other via hybridization, causing a red shift of the
nanoparticle plasmon peak detected by a spectrophotometer or CCD camera
coupled to a darkfield imaging system. Optimal conditions for the assay were
found to be i) use of capture probes complementary to the target without any
gap, ii) maximum possible probe density on the gold nanoparticles, and iii) 1
M ionic strength buffer. The optimized assay has a 1 fM limit of detection
and fM to 10 pM dynamic range, with detection of perfect match sequences
being 3 orders of magnitude more sensitive than targets with single nucleotide

mismatches.
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1. Introduction

During the last decade, and especially since the completion of the Human
Genome Project|[1, 2], oligonucleotide sensing has grown exponentially to assist
in the identification and characterization of the different DNA sequence vari-
ants, becoming a useful tool in genetics research[3]. The genetic information
and its modifications (polymorphisms) are indispensable to understand the di-
versity found among humans and the genetic factors associated with human
diseases[4-6]. These modifications involve insertions, deletions, and substitu-
tions of one or more nucleotides from which single base substitution polymor-
phisms, also known as Single Nucleotide Polymorphisms (SNPs), occur the most
frequently[7-9]. The genetic variability as a result of SNPs has been linked to
several diseases such as cancer[10-12], diabetes[13], and obesity[14], revealing
possible medical applications. However, due to the increasing demand for ge-
netic analysis, rapid, highly scalable, and low-cost oligonucleotide sensors capa-
ble of SNP detection have to be developed.

Up to now conventional methods for selective oligonucleotide quantification are
dominated by fluorescence-based technologies[15, 16] or indirect measurements
using polymerase chain reaction (PCR) based detection techniques[17, 18]. In
addition to the complex instrumentation needed, both the approaches have sev-
eral limitations as well. Fluorescence detection has low stability due to photo-
bleaching and low signal-to-noise ratio for the single events, while PCR detection
is limited by high error rates of the replicating enzymes, difficulty in amplifying
short sequences, and variable efficiency of the reverse transcription process[19—
22]. As such it is difficult to compare different genes quantitatively. The 1-10
copy sensitivity level offered by PCR is highly dependent on the reaction mix
as well as on other factors[23], and thus, PCR-less target DNA amplification
methods have been developed to eliminate the drawbacks of PCR, reaching sub-
attomolar sensitivity[24]. However, for typical applications where sub-picomolar
detection is sufficient, the simplicity of direct oligonucleotide quantification as-

says makes them more attractive for various applications.
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Optical detection methods based on the localized surface plasmon resonance of
gold nanoparticles (AuNPs) provide such sensitivity[25]. The phenomenon, as
a result of the collective oscillation of conduction electrons, is responsible for a
pronounced scattering intensity of AuNPs. The resonance condition depends on
their size, shape, as well as the refractive index conditions in their close vicinity,
making it possible to detect even single binding events between functionalized
nanoparticles[26, 27]. For functionalization, thiol-modified oligonucleotides can
be attached to the surface of AuNPs by direct covalent bonding[28]. These
DNA functionalized cost-effective nanoparticle constructs are used extensively
for various biosensors[29-37] including SNP detection[38-41], as well as for gene
delivery[42] and molecular imaging[43, 44]. In applications typical for oligonu-
cleotide sensing the analyte induces the agglomeration of AuNPs by hybridiza-
tion, resulting in a red shift of the nanoparticle plasmon peak[45].

In this study, we present a one-step assay and its optimization for AuNP based
detection of short DNA targets in the sub-picomolar range. The schematics of
the assay is shown in Fig. 1. 50 nm AuNPs are functionalized with thousands
of capture DNA molecules specific to the analyte (target DNA). The binding of
analytes half-complementary to each capture probe sequence pulls the nanopar-
ticles close to each other (<10 nm[46]) and maintains their close proximity
throughout the experiment. The formed aggregates change the plasmonic prop-
erties of the involved AuNPs, resulting in red shifted scattering spectra. The size
of the AuNPs was chosen as a compromise between optical signature, available
capture probes per AuNP, and AuNP stability in solution [33, 47]. The one-
step assay happens in solution without any rinsing steps, in order to maximize
the number of available capture probes and analytes. The spectral detection
is based on the use of a darkfield microscope coupled to a spectrometer, which
provided enhanced contrast to the AuNPs by producing a constant, almost
perfectly black background necessary for the reliable detection of the spectral
information. Apart from the proof-of-concept experiments, this paper also in-
cludes the optimization of the assay in terms of buffer ionic strength, length of

unpaired region between the target DNA and capture probe (gap size), and den-
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sity of capture DNAs on the AuNPs. The optimized assay with sub-picomolar
sensitivity was used for SNP detection. Matching targets could be detected with
3 orders of magnitude more sensitivity compared to targets with a single base

mismatch.

2. Experimental

2.1. Materials and reagents

Citrate capped AuNPs with 48 nm mean diameter, < 8% coefficient of varia-
tion, and 4.5x 1019 colloids/ml concentration were purchased from BBI Solutions
(Cardiff, UK), thiolated oligonucleotides from IBA GmbH (Goéttingen, Ger-
many), and target DNAs from Microsynth AG (Balgach, Switzerland). Tris(2-
carboxyethyl)phosphine (TCEP), sodium dodecyl sulphate (SDS), glycerol, so-
dium chloride (NaCl), phosphate buffered saline (PBS), and HPLC grade ethanol
were purchased from Sigma-Aldrich (Buchs, Switzerland), while Cobas Integra
Cleaner from Roche Diagnostics (Basel, Switzerland). Polydimethylsiloxane
(PDMS) was made from Sylgard 184 silicone elastomer kit purchased from Dow
Corning (Midland, MI, USA). All aqueous solutions were made with purified
Milli-Q water from an Elix 5 water purification system (Merck Millipore, Biller-
ica, MA, USA). Prior to use all buffers used for AuNP functionalization and the
assay were filtered with Minisart 0.2 pm filters purchased from Sigma-Aldrich
(Buchs, Switzerland).

2.2. DNA sequences

Table 1 contains the capture probe and analyte sequences used in this study,
following the work of Storhoff et al.[30] Capture probes are 22 bases long con-
sisting of 12 bases complementary to either half of the target and a 10 bases
long poly-A spacer tail to increase the hybridization efficiency to the target by
increasing the accessibility of the capture probes[48]. Analytes are 24-28 bases
long DNA molecules, comparable to the typical lengths of micro RNAs and

short interfering RNAs of interest[49]. The nucleotide sequences were chosen in
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a way that upon hybridization the target molecule assembles the AuNP ”heads”
and their capture probe ”tails” in a tail-to-tail fashion (see Fig. 1) as opposed to
head-to-head or head-to-tail configurations. Keeping the AuNPs further away
from each other is expected to result in lower interparticle repulsion and more

stable dimer formation[50].

name sequence
capture A 3'-SH- A AAA AAA AAA ATG CTC AAC TCT -5
capture B 3'- TAG GAC TTA CGC AAA AAA AAA A -SH-%
poly-A 3 A AAA AAA AAA ~SH-5'
target (T)  5'— TAC GAG TTG AGA

ATC CTG AAT GCG -3
T2bp 5~ TAC GAG TTG AGA GG

ATC CTG AAT GCG -3
T4bp 5'— TAC GAG TTG AGA GGGG

ATC CTG AAT GCG -3
T4bplMM  5'— TAC GCG TTG AGA GGGG

ATC CTG AAT GCG -3

Table 1: Oligonucleotides used for the functionalization of AuNPs and as target DNA strands.
SH denotes the thiol group, 2bp and 4bp the targets with a gap size of 2 and 4 bases, respec-
tively, while IMM and the underlined DNA nucleotide mark the target and corresponding
mismatch for the SNP study.

2.8. Capture DNA functionalization to AuNPs

Prior to thiolated-DNA functionalization the protecting disulfide groups of
the DNA sequences were reduced using a TCEP solution. A volume of 100 yM
DNA dissolved in Milli-Q was mixed with TCEP (2 mM in 10 mM filtered PBS
buffer at pH 8.5) at a ratio of 3:1 and incubated at room temperature for 90
min, resulting in a final thiol-modified DNA and TCEP concentration of 75 M
and 0.5 mM, respectively.

DNA-AuNPs were constructed by conjugating various sequences (capture probe
A, capture probe B, and poly-A) to AuNPs in bulk by mixing 1 ml 75 pM AuNP
solution with 66 ul of the aforementioned reduced thiol-modified DNA solution.
10 ul of the mixture was separated, centrifuged (20 min at 14500 rpm in an
Eppendorf 5810 R centrifuge, Eppendorf AG, Hamburg, Germany), and the su-

pernatant was collected for DNA quantification in a UV-Vis spectrophotometer
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(NanoDrop 1000, NanoDrop Products, Wilmington, DE, USA). The mixture
was then adjusted to 0.01% filtered SDS, sonicated for 10 s in order to increase
the DNA loading[51], and incubated overnight. After incubation, filtered PBS
at pH 7.4 was added to reach the phosphate concentration of 10 mM, and then
the mixture was sonicated again for 10 s. Filtered NaCl in steps of 0.1 M per
hour followed by 10 s of sonication was added until the maximum salt concen-
tration of 1 M was reached. After each step of salt addition the color of the
AuNP solution was checked, and whenever the solution changed color from pink
to purple due to aggregation, the waiting time before the next step was doubled
in order to allow more DNA binding before the next higher ionic strength step.
The final mixture was incubated overnight, and then 10 pl was collected and
centrifuged again for DNA quantification, just as before. As a last step, particle
solutions were washed three times by centrifugation for 5 min at 14500 rpm,
where the supernatant was replaced by 1 ml of Milli-Q water after the first two
washing cycles and by 1 ml of hybridization buffer (10 mM PBS at pH 7.4 and
0.3 M or 1 M NaCl according to the salt study, filtered) after the third washing
step.

The quantification of the DNA density on the AuNPs showed that the average
number of capture probes per AuNP is independent of the sequence used, and
as such, makes the comparison of the assay performances in the case of differ-
ent sequences valid. See supporting information S1 for the details and further

discussion on the results of the quantification.

2.4. Assay procedure

2.4.1. Substrate preparation

Microscope slides and coverslips (Menzel-Glaser, Gerhard Menzel GmbH,
Braunschweig, Germany) were cleaned with particle free wipes using diluted
Cobas Integra Cleaner (1:10 in Milli-Q)), alternately rinsed 3x between ethanol
and Milli-Q, and finally dried with nitrogen gas and stored in petri dishes in a
laminar flow hood until further use. PDMS wells with a diameter of 2.5 mm

were prepared by punching holes into sheets having the same height. Squares
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with dimensions of ~ 1 x 1 cm? containing individual holes were cut out and
cleaned with Cobas Integra Cleaner (1:10 in Milli-Q) followed by rinsing with
Milli-Q and ethanol three times, then left in a laminar flow hood to dry until

further use.

2.4.2. Assay

Analyte solutions with concentrations ranging from 0.1 fM to 1 puM were
aliquoted using the hybridization buffer. 5-5 ul of DNA-AuNP solutions con-
taining capture probes A and B were mixed with 10 pl target solution, vortexed
for 5 s (IKA Vortex Genius 3, IKA-Werke GmbH, Staufen, Germany), then sub-
jected to a heat cycle on a Biometra T-personal Combi thermocycler (Biometra
GmbH, Goéttingen, Germany) consisting of a 5 min step at 75°C and 10 min
at 25°C. After the heat cycle 20 ul glycerol buffer (30% glycerol dissolved in
hybridization buffer then filtered) was added to reach the final solution of 11250
particles/nl (18.75 pM, including both A and B). Glycerol at a final concentra-
tion of 15% was used to prevent drying of the wells. In the laminar flow hood
PDMS wells were mounted on microscope slides and were filled up with 10 ul
solution after brief vortexing. Each well is then covered with coverslips and left
overnight in a petri dish to allow the AuNPs to settle. The following day cover-
slips and PDMS wells were carefully removed and replaced by a clean coverslip
for darkfield imaging. Error bars for dose-response curves (see data analysis
below) were obtained from the standard deviation of measurements made on

three separate wells from the same assay preparation.

2.5. Instrumentation and data analysis

2.5.1. Instrumentation

A hyperspectral nanoscale optical imaging system based on an Olympus
BX53F microscope, an enhanced darkfield optical illumination system (NA=1.2—
1.4, CytoViva Inc., Auburn, AL, USA), a 60x oil immersion objective (Olympus
UPlanFLN 60x/1.25 Oil Iris), a Specim V10E imaging spectrograph (Specim,
Oulu, Finland), and a pco.pixelfly CCD camera (PCO AG, Kelheim, Germany)
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was used for image acquisition in transmission mode. The frame size of each
scan was 150 um x 150 um consisting of 696 lines, and at the beginning of the
experiments the acquisition time for measuring the spectral information was set
to 0.015 s per line in order to have the scattering intensity of samples with the
highest target concentration (i.e. with the highest level of aggregation and thus
with the highest intensity) at around 80% of the detection limit. Representa-
tive color (RGB) images were generated by using the spectral intensity values

at 641, 550, and 459 nm as red, green, and blue channels, respectively.

2.5.2. Data analysis

The pixels of the dark field images represent the AuNPs, single or aggre-
gated, and the background. Since the intensity and partially the spectral shape
of background pixels can change due to fluctuations in the intensity of the illu-
mination, instrumental noise can be reduced by identifying and removing these
pixels from the spectral analysis. Pixels having their maximum spectral inten-
sity (i.e. the highest value within the spectrum) lower than 1% of the detection
limit were considered background pixels. The intensity values of the remaining
pixels were then averaged together at each wavelength to calculate the raw spec-
trum of the images. The resulting raw spectrum similar to the one depicted in
Fig. 2 (black curve) still contains a signal component representing the dark cur-
rent of the detector, a baseline constant for all the wavelengths but fluctuating
over time, which was approximated and removed by fitting an exponential func-
tion (green dashed curve) to the raw spectrum above 800 nm. The resulting real
spectrum (red curve) was then analyzed by fitting a second-order polynomial
function (blue continuous curve) to the maximum and its 30 nm vicinity of the
curve to determine the maximum position and maximum value, and from this
peak value the full width at half maximum (FWHM) of the spectrum. Dose-
response curves were calculated from these spectral properties and were fitted
by sigmoidal curves. The equilibrium dissociation constant K was estimated by

the analyte concentration value corresponding to the inflection point of the fits.
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3. Results and discussion

3.1. Darkfield assay images

Fig. 3 shows typical darkfield images of AuNPs at various aggregation levels.
Single AuNPs with 50 nm diameter have their plasmon peak at 535 nm, and as
such are represented by green pixels. The few yellowish pixels of Fig. 3a are due
to a small number of aggregates that formed spontaneously. The level of this
unspecific aggregation depends on the age of the nanoparticle batch and changes
slightly over time. Thus, samples corresponding to the same dose-response curve
were prepared at the same time using the same batch of nanoparticles. Upon
increasing analyte concentrations the level of aggregation increases, and pairs
as well as bigger aggregates start to form, as indicated by the yellowish pixels
resulting from the red-shifted plasmon peak of the corresponding AuNPs (see
Fig. 3b-c).

8.2. Spectral analysis

The trend of red-shifting of the spectra can be followed in Fig. 4a show-
ing the results of a set of experiments studying the dose-response curve in the
case of the optimized assay (see the next sections for details). Simultaneously
with the red shift of the peak position, the peak amplitude also increases be
cause the aggregates have bigger scattering cross-sections resulting in higher
scattering intensities compared to that of the single particles. Fig. 4b plots the
most important parameters calculated from the spectra depicted in Fig. 4a, i.e.
the maximum position, maximum value, FWHM, and the ratio of the intensity
values measured at wavelengths corresponding to the red and green channels
(r/g, see arrows in Fig. 4a), as functions of the analyte concentration. Even
though the peak amplitude is increasing towards higher concentrations, it has
a low signal-to-noise ratio compared to those of the other properties. Changes
in the peak position and r/g ratio can be scaled together and show an upturn
in the pM range, but measuring the FWHM gives a sharper change in the same

concentration range and a lower limit of detection (LOD, calculated from the
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zero target value plus 3 times its standard deviation). Based on the optimized
assay, the LOD is 1 fM for the FWHM values, represented by the shaded area in
Fig. 4b (see supporting information S2 for a close-up look). While the FWHM
seems to be the most sensitive indicator for the analyte concentration changes,
its calculation requires the complete spectral information of a spectrophotome-
ter. On the other hand, data for calculating the r/g ratio can be provided by
the red and green channels of CCD cameras as well, and thus, the next sections
will focus on this property only, targeting cheap and scalable future applications
for biosensing. This detection method sacrifices the LOD with approximately 1
order of magnitude (see Fig. 5), but is supported also by the direct proportional-
ity between the r/g and peak position values. According to the scaling relation
a change of 0.1 in the r/g value corresponds to a wavelength shift of ~7 nm in

the peak position, a relation similar to those found in earlier works[25, 52].

3.8. Effect of salt on sensitivity and SNP detection

Lowering the electrostatic repulsion between nucleotide sequences by increas-
ing the sodium salt concentration makes the capture probes more accessible for
the targets and also increases the maximum number of capture probes single
AuNPs can accommodate[51]. However, increasing the salt concentration above
a certain limit causes the AuNPs themselves to aggregate as a result of highly
decreased electrostatic repulsion between the particles, and as such, there is a
salt concentration optimal for the assay. Fig. 5 shows the dose-response curves
for targets with a gap of 4 bases (T4bp) and salt concentrations of 0.3 and 1
M. While the amplitude of the assay response for high analyte concentrations is
higher in the case of 0.3 M salt, 1 M NaCl concentration results in lower LOD
(see supporting information S2 for a close-up look) as well as in higher dynamic
range. The results for targets with single nucleotide mismatching sequences
(T4bp1MM) are also depicted in Fig. 5 for the two different salt concentrations.
Investigating a sandwich assay similar to the one presented in this paper, a
previous study has found the optimal salt concentration for discriminating the

single-mismatched target (1MM) from the perfectly matched target (T) to be
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0.25 M[53]. This is in accordance with our results, showing that the LOD for
1MM targets is higher for 0.3 M salt concentration. However, even in the case
of 1 M NaCl concentration the assay is ~3 orders of magnitude less sensitive
for targets with single base mismatch. Due to the lower LOD and still high
specificity, the next optimization steps presented in the following sections used

1 M NaCl concentration.

3.4. FEffect of gap insertions in the target analyte sequence

As higher interparticle distance results in lower particle-to-particle repul-
sion and more stable dimer formation, it is interesting to study if introducing
nonbase-paired gap regions in the analyte sequence, and as such increasing the
interparticle distance, further improves the assay performance. On the other
hand, increasing the distance between the particles reduces the plasmonic cou-
pling that is expected to result in smaller signals and lower sensitivity. The
results of studying this effect are presented in Fig. 6, showing that the sensi-
tivity of the assay is indeed decreasing with increasing gap sizes, in agreement

with previous studies on similar systems[49].

3.5. Effect of capture probe density

The last step of the assay optimization was varying the number of capture
probes on the AuNPs. While higher capture probe densities could increase the
sensitivity by increasing the probability of the binding events, at too high cov-
erage fractions the accessibility of the capture probes becomes reduced due to
overcrowding[54]. To study this effect equal fractions of A and B tails were sys-
tematically replaced by short poly-A sequences acting as lateral spacers, which
simultaneously increased the accessibility and lowered the number of the capture
probes. The resulting dose-response curves plotted in Fig. 7 show no significant
difference between 100% and 75% capture probe densities, while 50% and 25%
fractions lead to 3 and 5 orders of magnitude higher dissociation constants. The
optimal capture probe density value close to 100% might originate from two rea-

sons. Firstly, the curvature of the AuNP surfaces increases the accessibility of

11
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capture probes compared to that on flat surfaces[55], and secondly, the 1 M salt
concentration used for this set of experiments shields the repulsive forces be-
tween non-matching capture probe and analyte segments, again increasing the
accessibility of the densely packed capture probes. Since the 100% and 75% as-
says show similar performances, the one with the maximal, 100% capture probe

density was chosen as optimal due to its simplicity.

4. Conclusions

A simple, single-step, in solution method based on AuNP sandwich struc-
tures was developed and optimized for the quantification of short oligonucleotide
sequences. The AuNP aggregation in the presence of target analytes was de-
tected by darkfield spectroscopy. The optimization procedure has studied the
effect of salt concentration, non-matching gap insertions, as well as capture
probe density and found the assay having 1 M sodium salt concentration, fully
base paired targets, and AuNPs with maximal capture probe density optimal.
The optimized assay has a 1 fM LOD and fM to 10 pM dynamic range deter-
mined from the FWHM of the spectral response, while a much simpler method
based on CCD detection increases the LOD by 1 order of magnitude with a dy-
namic range up to the nM range. The presented method is highly target specific
as well, having 3—4 orders of magnitude higher LOD values for SNP detection.
Comparison of the LOD and specificity achieved with those found in the litera-
ture is difficult due to the high diversity of target sequences and especially target
lengths used to demonstrate the different methods, and often, SNP detection
is demonstrated at selected target concentrations only. Nevertheless, optical,
nanoparticle based biosensors for the detection of target analytes with similar
lengths generally have LODs in the range of 1 fM — 10 pM, a dynamic range of
3-4 orders of magnitude in terms of target concentration, and target specificity
down to 10 fM target concentrations[25, 37, 41, 45, 56-58].

Compared to the traditional methods, the simple, solution-based nature of

the assay presented in this manuscript has improved performance by provid-
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ing higher capture probe accessibility compared to flat surfaces, and since the
method involves no washing steps also visualizes the possibility of faster, real-
time read-outs of aggregated AuNPs right in their 3D environments. Together
with the CCD detection method such a flexible, robust, and highly scalable sens-
ing technology could lead to many new and improved oligonucleotide-sensing

applications.
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+ MVWWWWY  +
target (24 bp)

capture probe A (22 bp) capture probe B (22 bp)

coupled particles

DNA sequence
MW 3’-SH- (R)10 ATG CTC AACTCT -5’ probe A sequence)
MIWVVVW 3’-TAG GACTTA CGC(A)10 - SH- 5’ (probe B sequence)
MWWV 5-TACGAG TTG AGA ATC CTG AAT GCG - 3’ (target)

O 50 nm gold nanoparticle (AuNP)

Figure 1: Schematics of the assay. The target DNA (T) half-complementary to capture probes
A and B is binding the two AuNPs together to form a sandwich structure by hybridization.
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Figure 2: Baseline removal from a raw spectrum (black curve) to obtain the real spec-
trum (shown in red). Maximum position, maximum value, and full width at half maximum
(FWHM) of the average scattered signal were calculated by fitting a second-order polynomial
function (blue continuous curve) to the maximum and its 30 nm vicinity of the curve.

Figure 3: Typical darkfield images of the 150 pm X 150 pum scanning area with increasing
analyte concentrations of OM (a), 0.1 pM (b), and 1 uM (c).
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Figure 4: Analysis of a set of experiments to calculate the dose-response curve in the case
of the optimized assay. a) The calculated real spectra at increasing target concentrations.
The spectral curves were shifted incrementally by 10 a.u. on the intensity axis for better
visibility. "Red’ and *Green’ mark the wavelengths for the r/g analysis (see corresponding text
for details). b) Dose-response curves calculated from the different spectral properties. 0T’
represents the samples with zero target concentration, the shaded area the LOD calculated
from the FWHM values, while dashed curves serve as visual guides only. The error bars give
the standard deviation of measurements made on three independent samples from the same
assay preparation.
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Figure 5: The effect of hybridization buffer salt concentration on the sensitivity and SNP
detection. T4bp and T4bplMM are targets with a gap of 4 bases and having complementary
and single nucleotide mismatching sequences, respectively. The solid curve and shaded area
are the result of a sigmoidal fit and indication of the LOD, respectively, in the case of T4bp
and 1 M salt concentration, while dashed curves serve as visual guides only. 0T’ represents
the samples with zero target concentration. The error bars give the standard deviation of
measurements made on three independent samples from the same assay preparation.
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Figure 6: The effect of gap insertions in the target analyte sequence. T indicates the fully base
paired target with no gaps, while T2bp, and T4bp are targets with nonbase-paired regions of
2 and 4 bases, respectively. Solid curves are sigmoidal fits based on which the dissociation
constants plotted in the inset are determined. ’0T’ represents the samples with zero target
concentration. The error bars give the standard deviation of measurements made on three
independent samples from the same assay preparation.
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Figure 7: The effect of capture probe density of AuNPs. The presented percentage values
correspond to the ratio of capture probes not replaced by short poly-A sequences acting as
spacers. Curves are sigmoidal fits based on which the dissociation constants plotted in the
inset are determined. ’0T’ represents the samples with zero target concentration. The error
bars give the standard deviation of measurements made on three independent samples from
the same assay preparation.
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*Highlights (for review)

Femtomolar oligonucleotide detection by a one-step gold nanoparticle-
based assay

Highlights

— A one-step, solution-based assay for oligonucleotide detection is shown.

— The optimization process for the highest assay sensitivity is presented.

— The optimized assay has a 1 fM limit of detection and fM to 10 pM dynamic range.

— The simple, CCD-based detection provides 10 fM LOD with a dynamic range up to nM.

— The method is also suitable for SNP detection.
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Graphical Abstract Caption

Femtomolar oligonucleotide detection by a one-step gold nanoparticle-
based assay

Caption for the graphical abstract

This work presents a single-step, sequence-specific oligonucleotide detection method based on tail-to-tail
aggregation of functionalized gold nanoparticles in the presence of target analytes. Using cost-effective
instrumentation and the corresponding simplified analysis, the optimized assay has a 10 fM limit of
detection and dynamic range up to nM analyte concentration. The detection of perfect match sequences
were 3 orders of magnitude more sensitive than targets with single nucleotide mismatches.
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