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Abstract: Deoxyribonucleic acid (DNA) detection is essen-
tial for the accurate and early diagnosis of a disease. In
this study, a femtomolar DNA detection method based on
the exploitation of the localized surface plasmon (LSP)
resonance of gold nanoparticles (AuNPs) was developed.
We prepared Poly Ethylen Glycol (PEG) functionalized
AuNPs with a specific DNA capture probe (CP) directly
modified on the gold surface. Two strategies are proposed
using different kinds of CP to detect the target DNA (tDNA).
In the first strategy, CP is the complementary of the com-
plete sequence of the DNA (CCP method). For the second
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strategy, we used two CPs, which were half complemen-
tary to tDNA, and these were hybridized with tDNA to form
sandwich structures (MIX method). The results showed
that our detection methods are highly sensitive and that
the limits of detection of 124 am and 2.54 fm tDNA can be
reached when using the CCP and MIX methods, respec-
tively. In addition, the specificity of our two strategies is
also demonstrated with mismatched DNAs. The proposed
method provides a simple, fast, sensitive and specific DNA
biosensor, which has the potential to be used for point-of-
care tests (POCT).

Keywords: DNA detection; surface plasmon; gold

nanoparticle.

1 Introduction

Deoxyribonucleic acid (DNA) is one of the most important
biomolecules in various life forms. It stores and transmits
genetic information to control biological development
and vital functions. As DNA plays and important role in
regulating vital biological processes, they can be used as
important biomarkers for biological studies and medical
diagnostics [1-4]. Over the past three decades, several
detection methods for specific DNA sequences have been
developed. Polymerase chain reaction (PCR) is the most
well-known nucleic acid amplification technology; it is
widely used in practical applications and is especially
suitable for trace nucleic acid detection [5]. However,
PCR needs a precise temperature cycling protocol and a
sophisticated design of primer, which makes it difficult
to be used in point-of-care test (POCT). The isothermal
amplification of nucleic acids has emerged as a promising
alternative of PCR [6], including rolling circle amplifica-
tion (RCA) [7], loop-mediated amplification (LAMP) [8],
helicase-dependent amplification reaction (HDA) [9] and
exponential amplification reaction (EXPAR) [10]. As only
a single temperature is required, which can be achieved
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by a simple water bath, the isothermal nucleic acid ampli-
fication has great potential for achieving low-cost, rapid
point-of-care molecular diagnosis.

At the same time, benefiting from rapid advances
in biotechnology, chemistry and nanotechnology, many
novel readout strategies have been introduced into the
field of biomarker detection, such as electrochemistry
[11, 12], spectroscopy [13], colorimetric [14, 15], surface
plasmon resonance (SPR) [16] and surface enhancement
raman spectroscopy (SERS) [17-22]. In early studies,
researchers have attempted to use a simple system for
DNA detection. Tan et al. [23] combined isothermal DNA
amplification with AuNPs for colorimetric detection.
They observed a direct color change from red to blue
and a detection of 100 fm oligonucleotide. He et al. [24]
took advantage of the big surface and high dielectric con-
stant of gold nanoparticles (AuNPs) to improve the sen-
sitivity of SPR DNA sensor, and they achieved a ~10 pMm
limit of quantitation. Su et al. [25] developed a gold-silver
bimetallic nanomushroom to act as a DNA probe, which
promoted the SERS signal and was expected to realize
multiplex detection. However, they reported that the
complex nanostructure was not easy to synthesize and
control. The exploitation of localized surface plasmon
(LSP) resonance of AuNPs as transducers has competi-
tive advantages, such as high sensitivity, simplicity, fast
detection and miniaturized platform, which are all suit-
able for POCT [26-29].

LSP is the resonant oscillation of free electrons
inside noble metal NPs stimulated by incident light.
The excitation of the LSP is a light-matter interaction
and exhibits a resonance behavior at a specific wave-
length known as the LSP resonance (LSPR) [30, 31]. As
the LSP can be seen as a resonator, the position of the
LSPR is highly sensitive to any modification of the local
environment that induces a shift of the LSPR. Thus, the
observation of any LSPR shift can be employed to detect
disease-related biomarkers, such as proteins and oligo-
nucleotides, etc. [32]. According to such a readout, there
are two LSPR sensing strategies. The first one is based
on the sensitivity of the LSPR to changes in the dielectric
constant of the surrounding medium or adsorbents. Any
addition or interaction of some analytes at the nano-
particle surface results in the modification of the local
dielectric constant or refractive index around the NPs,
which will induce a redshift of the LSPR. The second
sensing strategy is based on inter-particle coupling
effect. The aggregation of the NPs results in the observa-
tion of a specific band at higher wavelength than for the
individual NPs. The aggregation or dissociation of the
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NPs induces an intensity change of this "coupling" LSPR
that can be related to the concentrations of the added
analytes. However, these label-free LSPR assays show
moderate sensitivity, generally at the nanomolar level
for DNA detection [33]. For most clinical samples, highly
sensitive DNA assays are needed for early detection and
accurate diagnosis of disease.

In this study, we employed AuNPs covered by Poly
Ethylen Glycol (PEG) as an effective LSPR platform to
detect single-strand DNAs (ssDNA). In the following, our
targeted DNA will be called tDNA. The PEG is used to
maintain the stability of the AuNPs in complex samples
and to prevent the complete aggregation after the addi-
tion of tDNA [34]. Another important function of PEG is
to improve the efficiency of the capture probe (CP) in
capturing tDNA on the surface of the AuNPs [35]. For
the tDNA detection, we proposed two different strate-
gies (Figure 1). For the first strategy (CCP method, 3b),
we used one oligonucleotide CP, whose sequence is the
complementary of the complete sequence of the tDNA
(this is called complete capture probe or ccpDNA). For
the second strategy (MIX method, 3c), we used two oli-
gonucleotides, whose sequences are the complementary
of the half of the tDNA sequence as the CP: one CP corre-
sponds to the first half part of the tDNA (called hcpDNA1),
whereas the other corresponds to the second half of the
tDNA (called hcpDNA2). We determined and compared
the sensing performances of both strategies in terms of
sensitivity, limit of detection (LoD) and operating range.
We demonstrated that both strategies show the potential
to minimize the nonspecific detection and to improve the
sensitivity simultaneously.

2 Experimental

2.1 Material

The tetrachloroauric acid (HAuCl,), sodium borohydride
(NaBH,), dicarboxylic Poly Ethylene Glycol-200 (PEG) and
phosphate-buffered solution (PBS), were all provided by
Sigma Aldrich (St. Louis, MO, USA) at maximum purity
grade. All oligonucleotides used in this study (Table 1)
were synthesized and purified by high performance liquid
chromatography (HPLC) from Sangon Biotech (Shanghai,
China). All chemicals employed were of analytical reagent
grade. High-purity deionized water prepared by a Milli-Q
water purification system (Millipore Corp., Bedford, USA)
was used for all experiments.

Unauthenticated
Download Date | 5/23/19 7:18 PM



DE GRUYTER

Au PEG-AuNP

CCP method

tDNA

Aggregation

MIX method
YOy
oy
PanCan)

Aggregation

€|

tDNA

Figure 1: The schemes for the tDNA detection.

J. Huang et al.: Femtomolar detection of nucleic acid

ssDNA-PEG-AuNP

= 3
=

<. N
5, &
Y 4 4
i q i
J,
S=rte,
& ‘,
~ "

> \

s, - D
=
'oon o
(ERRTEN Bunu
.,
S ”
$\~ ‘,
. ‘s

Disaggregation

RN

7|Q 9{(

Disaggregation

—_—

(A) The colloidal gold nanoparticles (AuNPs) are encoded with low molecular weight polyethylene glycols (PEG) and functionalized with

thiolated DNA capture probes (ccpDNA, hcpDNA-1 or hcpDNA-2). (B) The
grafted at the gold nanoparticle surface: the disaggregation of the NPs i

CCP detection method with the complete capture probe (ccpDNA)
s induced by the direct binding between the ccpDNA and the target

DNA (tDNA). (C) The MIX method using both the half-capture probes (hcpDNA-1 and hcpDNA-2) grafted separately on different NPs: the
disaggregation of the NPs is induced by one tDNA molecule binding to two NPs. Each gold particle contains about half complementation

bases of the tDNA.

Table 1: The oligonucleotide sequences used in this study.

Oligonucleotide Sequence (5’-3")

tDNA TAGCTTATCAGACTGATGTTGA

ccpDNA TCAACATCAGTCTGATAAGCTATTTTTTTTT-SH
hcpDNA1 CTGATAAGCTA-TTTTTTTTT-S H

hcpDNA2 SH-TTTTTTTTT-TCAACATCAGT

M4T TAGCCTGTCAGACTGTTCTTGA

NC GCAACATCGATCTCTTAAGCTA

2.2 DNA capture probes

We designed the DNA capture probes with specific
sequences including two components: the first 9 nucleo-
tides served as a flexible spacer and the following sequence
served as a recognition element for the tDNA. In the rec-
ognition part, we designed three different sequences
based on our two detection strategies. First, the ccp-DNA
capture probe had an equal length than the tDNA and was

completely complementarity (Table 1). The two hcpDNA
capture probes contained half complementation bases
of the tDNA (Table 1). All of these aligned in a tail-to-tail
fashion onto the complementary target polynucleotide.

2.3 Synthesis of PEG-AuNPs

The colloidal solutions of AuNPs coated with PEG (PEG-
AuNPs) were prepared by a well assessed chemical reduc-
tion process according to previously described procedure
[34]. Briefly, 20 ml of chloroauric acid (HAuCl,, 102 m)
aqueous solution was added to 1 ml of dicarboxylic PEG
and mixed by magnetic stirring for 10 min at room tem-
perature. To this solution, 6 ml of aqueous 0.01 M NaBH,
was added at once. The color turned from yellow into ruby
red. The resulting solution was stored away from light in
the -4°C for later use.
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2.4 Conjugation of PEG-AuNPs with
oligonucleotides

The three oligonucleotide probes (ccpDNA, hcpDNA1 and
hcpDNA2) were immobilized onto PEG-AuNPs by thiol-
covalent binding. Briefly, for each DNA probe, 1 ml of
PEG-AuNPs was added to 25 ul of DNA capture probe (10
uM in DEPC treated water). After 18 h of incubation time,
the mixed solution was centrifuged twice at 6000 rpm for
20 min to remove the excess of oligonucleotide probe. The
pellets were then re-dispersed in 200 ul Milli-Q water.
The resultant colloidal solution was sonicated for 5 min
and then stirred for 1 h at room temperature. When we
grafted the different DNA probes (ccpDNA, hcpDNA1 and
hcpDNA2), the NPs were still very stable without any pre-
cipitation even after several weeks. If we modified the
surface chemistry of our AuNPs (AuNPs without PEG or
without DNA probes), the AuNPs became unstable and we
observed some precipitation of the AuNPs (Figure S2).

2.5 Detection of target oligonucleotides

Two reaction solutions were freshly prepared: one was
the ccpDNA-AuNP solution and the other one was a mixed
solution of equivalent volume of hcpDNA1-AuNP and
hcpDNA2-AuNP solutions. Next, 5 ul of tDNA with differ-
ent concentrations were added to 45 ul of reaction solu-
tion, which were then incubated at room temperature for
30 min. After the DNA hybridization, the reaction prod-
ucts were characterized by UV-Visible absorption spectro-
scopy. To determine the reproducibility of the detection,

A
1.0

0.8

100 nm
—

0.6

1.000

0.4

4% 0.996

0.2 1

ity (a. u.)

Absorption intensity (a. u.)

0.992

Absorption intensi

0.988

DE GRUYTER

each experiment was reproduced 3 times and similar
results were obtained.

2.6 UV/Visible measurements

The absorption spectra were recorded using a Thermo Sci-
entific NanoDrop 2000/2000C UV-Visible spectrophotom-
eter with an optical path of 10 mm. The wavelength range
was 190-840 nm. All the measurements were carried out
in a quartz cuvette using a sample volume of 50 ul.

2.7 Transmission electron microscopy (TEM)

The TEM images were recorded with a JEOL JEM 1011 micro-
scope operating (JEOL, Tokyo, Japan) at an accelerating
voltage of 100 kV. The operation details were realized as
previously described [31].

3 Results and Discussion

Figure 1 illustrates the working principle for the detec-
tion of the tDNA using the two different strategies. First,
AuNPs with a diameter of 10 nm were synthesized and
then incubated with PEG. The obtained PEG-AuNPs
exhibit an almost round shape and good monodispersity
as characterized by the TEM images (Figure 2A). The PEG-
AuNPs have a plasmon resonance at 521 nm (Figure 2B,
black line) whereas the DNA-modified AuNPs displayed
a redshift of a few nanometers, indicating the successful

—— PEG-AuNP

—— hcpDNA1-PEG-AuNP
—— hcpDNA2-PEG-AuNP
—— ccpDNA-PEG-AuUNP

0.0

522 528 534
Wavelength (nm)

T
400

Figure 2: Characterization of AuNPs.

T T T 1
500 600 700 800

Wavelength (nm)

(A) The TEM images of the PEG-AuNP. (B) The UV-Visible absorbance spectra of the PEG-AuNPs (Black), the hcpDNA1-PEG-AuNPs (Red), the
hcpDNA2-PEG-AuNPs (Blue), the ccpDNA-PEG-AuNPs (Green) and the mixture of the hcpDNA1-PEG-AuNPs and hcpDNA2-PEG-AuNPs (Orange).
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functionalization of the PEG-AuNPs for each DNA capture
probes. One can see that the grafting of hcpDNA1 and
hcpDNA2 induces a similar redshift from 521 to 527 nm
(Figure 2B, red and blue curves, respectively). The
ccpDNA shows a larger shift from 521 to 529 nm (Figure 2B,
green curve) as the ccpDNA has a longer length than the
hcpDNA. For all the DNA capture probes, we also observe
a shoulder on the higher wavelength side of the plasmon
band that can be assigned to the formation of small aggre-
gates in the solution. We assume that this is due to some
electrostatic interactions between the DNA capture probes
and the PEG of several AuNPs. In addition, the DNA-PEG-
AuNPs maintained their red color as the PEG-AuNPs and
had high stability and mono-dispersity. The short PEG
molecules are found to promote the stability and perfor-
mance of the ssDNA probes on gold surface without inter-
fere with the DNA hybridization.

To detect the tDNA, we prepared two different solu-
tions: one with the ccpDNA-PEG-AuNP (CCP method on
Figure 1B) and one with a mixture of hcpDNA1-PEG-AuNP
and of hcpDNA2-PEG-AuNP (MIX method on Figure 1C,

A
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Figure 3: Two methods for tDNA detection.
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the ratio between both hcpDNA-PEG-AuNP is 1:1). To these
solutions we added different concentrations of tDNA (0 Mm,1
fm, 10 fm, 100 fMm, 1 pM, 100 pM, 10 nM and 1 um). For both
the ccpDNA and hcpDNA mixture solutions, we observed
that the shoulder intensity decreases when the concentra-
tion of the tDNA increases. This means that the interaction
of the tDNA with the capture probes at the AuNPs’ surface
induces a disaggregation of the AuNPs related with the
concentration of the tDNA (Figure 3A, B). As the position
of the shoulder is similar for both methods (CCP and MIX
ones), we assume that the AuNP aggregates should have
the same size. Moreover, the addition of NaCl at different
concentrations to the solution (Figure S3) induces a strong
redshift of the LSPR band assigned to the aggregated NPs
(the solution is no more stable with large precipitation
after few hours). This proves that our NP can form large
aggregates with the addition of NaCl before precipita-
tion. This is also a clear evidence that our aggregation is
limited in size as the aggregation band is only observed as
a shoulder. In the case of the detection using the mixture
of hcpDNA-PEG-AuNP, the detection is actually specific

B
1.0 4 Mix method om
3 1.00E-15m
> 1.00E-14 m
& 0.8 1.00E-13 ™
= 1.00E-12m
% 064 1.00E-10m
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2
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400 500 600 700 800
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0.0 4
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The UV-Visible absorbance spectra of (A) ccpDNA-PEG-AuNPs and (B) the mixtures of hcpDNA-PEG-AuNPs for different concentrations of
tDNA (0, 1 fm, 10 fm, 100 fm, 1 pm, 100 pm, 10 nm and 1 um). The arrow indicates the decrease of the shoulder intensity with the increase of
the tDNA concentrations. The UV-Visible absorbance spectra of hcpDNA1-PEG-AuNP (C) and hcpDNA2-PEG-AuNP (D) solutions for different
concentrations of tDNA (0, 1 fm, 10 fm, 100 fm, 1 pm, 100 pm, 10 nm and 1 um).
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(A) The intensity of the shoulder at 580 nm (A580) versus the tDNA concentration for ccpDNA-PEG-AuNPs (black dots) and hcpDNA-PEG-
AuNPs (red dots). (B) and (C) The linear fit of the A580 versus the logarithmic concentration of tDNA (B) from 107" to 102 m for ccpDNA-PEG-
AuNPs and (C) 10"-10"* m for the hcpDNA-PEG-AuNPs. The error bars are calculated using the values of the absorption intensity between

578 and 582 nm (580+2 nm).

for the interaction of the tDNA with the mixed aggregates
hcpDNA1-PEG-AuNP / hcpDNA2-PEG-AuNP. Indeed, when
the tDNA is added to the solution with only one hcpDNA-
PEG-AuNP (hcpDNA1 or hcpDNA2), no modification of
the plasmon band is observed for any tDNA concentra-
tion (Figure 3C, D). Thus, when there is only hcpDNA1 or
hcpDNA2, there is limited aggregation in the solution, and
the tDNA does not interact with the nucleic acid probes at
the AuNP surface.

In order to quantify the effect of the concentration
of the tDNA on the shoulder intensity, we measured
the intensity of the absorbance curve at 580 nm (A580)
for the CCP and MIX methods (Figure 4) to provide the
calibration curve of our detection methods. The A580
exhibits a linear variation of the logarithm (log) of the
concentration of tDNA at low concentrations, across the
range from a concentration lower than 10°-10"? m with
ccpDNA-PEG-AuNP and from 10* to 102 m with the hcp-
DNA-PEG-AuNP mixture (Figure 4A), spanning a response
region of 4 and 2 orders of magnitude, respectively. For
the higher concentrations, the intensity remains con-
stant for both curves that exhibit a plateau. This means
that no spectral modification is observable for concen-
trations higher than 102 M. The range of application of
our sensor is then related to very low concentrations (fm
and pM range).

In order to determine the sensitivity and the LoD,
we fitted the linear part of each curve. The correlation

equations are A580=0.3021-0.0305.10g10(C) (R2=0.989)
for the CCP method and A580=0.1945-0.0404.10g10(C)
(R2=0.955) for the MIX method, where C is the concentra-
tion of tDNA (Figure 4B, C). The sensitivity corresponds to
the slopes of these fits: around —0.03 per decade for the
CCP method and -0.04 per decade for the MIX method.
The LoD was calculated using the standard methodology
defined by the International Union of Pure and Applied
Chemistry (IUPAC). The LoD is equal to (xbl) + k.cbl, where
(xbl) is the mean of the blank measure, cbl is the standard
deviation of the blank measure and k is a numerical factor
(we take it equal to 3 to reach a confidence level of 95%).
We obtain LoD values of 124 am for the CCP method and of
2.54 fm for the MIX method.

To measure the concentrations, we also used another
methodology based on the fit of the LSPR band (Section
S1 and Figure Sl1a). We fitted the plasmon band with two
peaks: one at 530 nm corresponding to the individual
AuNPs and one at 580 nm assigned to the aggregates. We
then plotted the intensity of the 580 nm peak versus the
tDNA concentration (Figure Sib). The intensity change
of the second band is similar to the trend observed with
A580, which confirms our first conclusions. For this
second method, the dots are more dispersed around the
linear variation of the intensity. This higher dispersion of
the dots can be due to the several data processing steps
included in the fitting method, which introduces larger
uncertainties on the calculated intensity of the second
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(A) The intensity at 580 nm for the tDNA and the two mismatched ssDNAs and for both detection methods. (B—E) The UV-visible spectra
depending on the tDNA concentration for the following experiments: (B) M4T+ CCP method, (C) NC+ CCP method, (D) M4T+ MIX method,
(E) NC+MIX method. (F) The A580 intensity versus the ssDNA concentrations. The intensities were normalised by the A580 intensity

measured with no tDNA.

peak. However, we believe that both methods are equiva-
lent and provide similar results.

To evaluate the specificity of our detection methods,
we performed control experiments with two other ssDNAs:
one including four-base mismatched target oligonucleo-
tide (M4T) and one involving non-complementary target
oligonucleotide (NC). The sequences are listed in Table
S1. As shown in Figure 5A, negligible A580 changes are
observed for the two mismatched oligonucleotides with
the MIX method, indicating the MIX method is highly
selective. Only the tDNA induces spectral change and as
a consequence can be detected by this method. For the
NC with the CCP method, we observe the same behavior
than with the MIX method, indicating that highly differ-
ent ssDNAs cannot be detected by the CCP method. The
addition of M4T causes some A580 variations for the
CCP method, but no clear tendency can be observed in
the A580 variation, and the modification of the A580 is
essentially related to an increase of the A580 that could
not be assigned to a non-specific detection (Figure 5F).
Such "anomalous" trend can be explained by the unsta-
ble interaction between the M4T and the ccpDNA. Indeed,
as the M4T has only four mismatches with the ccpDNA
probe, they could interact together but this interaction is

not strong enough to be stable. This should induce some
unstable association and dissociation events and, as a
consequence, a non-reproducible aggregation and disag-
gregation of the AuNP.

With all these data one can compare both methods.
The CCP method has a larger range of application and a
lower LoD (in the aM range), but it has a lower selectiv-
ity than the MIX method. Both methods are highly sen-
sitive and allow reaching very low LoD in the fm range
and even lower in others. This is largely lower than the
common LoD observed for the LSPR methods [29] and
is comparable to the PCR used to detect DNA. However,
in this latter case, our method is largely faster (it only
takes 30 min to complete detection), while the PCR
needs at least 1 h. Our proposed method is also simpler
to operate.

We assume that the performances of higher detec-
tion methods are related with the use of a PEG layer at
the surface of the AuNPs. The PEG mainly plays two roles.
It seems to make the hybridization with the target oligo-
nucleotide more stable and it reduces the non-specific
binding on gold surface, thus making the targeted DNAs
more sensitive and specific to complementary target
oligonucleotide.
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4 Conclusion

In summary, we have developed an LSPR assay for rapid
and simple methods that can be used for the detection of
ssDNAs. Two detection methods were tested: one with a
complete DNA CP and one with two half-sequence CPs.
Both methods were validated for the detection of one
ssDNA. We demonstrate that these methods are highly
sensitive as we reached detection limits of 124 am for the
CCP method and 2.54 fm for the MIX method, which can
satisfy the detection of low abundance DNA without com-
bining other amplification strategies.

Compared with other detection methods, such as
SERS, colorimetric, electrochemistry, fluorescence, etc.,
our method has unique advantages. A small volume of
sample, rapid detection, simple operation and stable
PEG-AuNP reagents make our method very suitable for
point-of-care (POC) technology. In comparison, SERS and
other methods which have high sensitivity require sophis-
ticated instruments and professional analytical methods.
Although the colorimetric method can be directly viewed,
the sensitivity is far from being comparable to our
method. Our method could be especially useful for diag-
nostic testing. In the future, it should be tested on clini-
cal sample testing and its stability in clinical complexity
needs to be further verified.
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