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GRAPHIC ABSTRACT

Development of a colourimetric assay based on DNA-nanoparticle conjugates

for the oil palm pathogen Ganoderma boninense.
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Introduction organism that is transmitted through the roots of

The oil palm Elaeis genesis is the most important cash
crop in Malaysia, which generated an annual export
income of RM 65 billion (~ US$ 16 billion) in 2016
[1]. However, the yearly harvest is substantially
reduced by basal stem rot (BSR) disease, caused by
infections of pathogenic fungi of the Ganoderma sp.,
and in particular Ganoderma boninense [2-6]. BSR
causes a reduction in crop yields and eventual death
of the palms, necessitating frequent felling and
replanting. As a result, BSR causes economic losses of
between RM 225 million and RM 1.5 billion annually
in Malaysia alone [7]. Since there is no effective
treatment for BSR once it manifests, management of
the disease revolves around the isolation of infected
plants (e.g. by trenching, ploughing, or harrowing the
soil around the palm) [2]. As with any transmissible
disease, early detection of infection is key to this
management strategy. However, such detection is
currently difficult since Ganoderma is a soil-borne
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young plants, and the disease is symptomless at the
early stage of infection. Thus, there is a need for
quantitative, sensitive, and selective detection meth-
ods. Furthermore, for any diagnostic system to be
applicable for use in the field, it must also ideally be
portable, affordable, have low power consumption,
be tolerant to a wide range of environmental condi-
tions, and not dependent on specialist equipment or
training.

Various physical and chemical methods based on
volatile molecule “electronic-nose” sensors [8], ultra-
sonic density measurements [9], spectral imaging
[10-12], and microwave radar backscattering [13]
have been investigated in attempts to detect G. boni-
nense in the field. However, these detection methods
possess practical disadvantages regarding complex-
ity, cost and the need for specialist equipment and
training to interpret the data. From a molecular bio-
logical perspective, the earliest molecular attempts to
identify G. boninense species relied on antibody-based
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immunoassays [14-16]. However, due to the cross-
reactivity of the antibodies, false-positive results
caused by other fungi such as Trichoderma and
Botrytis species, were also observed [15]. Further,
their application in routine analysis is limited by their
complex protocols, labile reagents with high cost,
relatively low sensitivity, and the requirement of
highly skilled personnel. Electrochemical methods
for the detection of quinoline (a secondary metabolite
produced by the palms under Ganoderma attack) [17]
and DNA fragments associated with this organism
[18, 19] have also been reported. The latter, in par-
ticular, has been shown to give high sensitivity (5 mL
of analyte at ~ 1 fM of target DNA) and selectivity
towards G. boninense. However, these methods rely
on electrodes that are somewhat complex to fabricate
and still rely on trained personnel for data analysis
and interpretation.

In contrast, colourimetric assays that employ gold
nanoparticles (AuNP) conjugated to DNA [20-28]
have shown great potential in diagnostics for human
diseases [29, 30]. Here, the presence of an analyte
DNA strand bearing a sequence complementary to
the DNA on the AuNP results in hybridisation of the
DNA and concomitant aggregation of the nanopar-
ticles. This aggregation gives rise to an increase in the
particles” surface plasmon resonance and thus UV-
Vis absorption spectrum (i.e. an increase in Amyax of
the spectrum), which translates into a visually
observable colour change (typically red to lilac).
Indeed, visible colour changes upon nanoparticle
aggregation have been used in other areas, including
trace metal analysis in water testing [31]. This ana-
lytical approach, therefore, offers many of the attri-
butes that are desirable in a diagnostic system and
would be applicable to field use, being portable, easy
to carry out (only simple manipulations and without
specialist equipment), and interpret.

Herein, we report a methodology for the applica-
tion of DNA-AuNP conjugates towards the detection
and quantification of DNA sequences related to G.
boninense and other fungal DNA, in the context of
single- and double-stranded DNA analytes, as well as
in the presence of a mixture of non-complementary
DNA. Furthermore, these procedures have been car-
ried out independently in the UK (Manchester) and
Malaysia (UPM) to demonstrate their reproducibility.
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Materials and methods
Materials and equipment

All chemical reagents were purchased from Sigma-
Aldrich (now Merck) or ThermoFisher Scientific and
used as supplied. All reagents were of analytical
grade. 20-nm AuNP colloid at a concentration of 1
optical density (OD) unit @ 525 nm in 0.1 mg mL™"
sodium citrate was purchased from Alfa Aesar
(Heysham, UK). Deionised water (resistivity
~ 18.2 MQ) was used in all cases.

The single-stranded (ss) DNA, double-stranded
(ds) DNA of the analyte sequences and various DNA
probes (with a 5" S-S Cé6 disulfide linker or 3’ S-S C3
disulfide linker) were purchased from Sigma-
Aldrich. These were supplied after purification by
high-performance liquid chromatography and in
lyophilised form. Deoxyribonucleic acid sodium salt
from calf thymus (referred henceforth as “CT”) was
supplied by Sigma-Aldrich.

Preparation of DNA-AuNP conjugates

The DNA-AuNP conjugates were prepared using a
general procedure previously described [32] with few
modifications. Aqueous solutions of disulfide-func-
tionalised oligonucleotides (100 uM, 40 puL) and
tris(2-carboxyethyl)phosphine (20 mM, 40 pL) were
combined and incubated for 2 h at room temperature
(RT) to prepare 50 pM solutions of the oligonu-
cleotides with reduced thiols. This solution (80 uL)
was then mixed with 1 mL of citrate stabilised AuNP
colloid, and the mixture was incubated at RT for 12 h.
24 uL of 1 M NaCl was added to this mixture, fol-
lowed by sonication for 10 s. The NaCl addition and
sonication were repeated four times at 1 h intervals
(i.e. 5 times in total) until a final concentration of
0.1 M NaCl was achieved. The final colloidal solution
was allowed to stand at RT for 24 h and then cen-
trifuged at 19000 g for 30 min. The supernatant was
decanted, and the pellet of AuNP resuspended in
phosphate-buffered saline (PBS) diluted to half-
strength (i.e. final composition 5.9 mM phosphate
buffer, 68.5 nM NaCl, 1.35 mM KCI, pH 7.4) con-
taining 0.01% v/v Tween 20. This process of cen-
trifugation, decanting, and resuspension was carried
out three times in total, with the final pellet of AuNP
being re-suspended in 100 pL of 10 mM PBS buffer.
The OD was then measured by UV-Vis spectroscopy

@ Springer



14968

at 525 nm. These DNA-AuNP conjugates were typi-
cally stored at 4 °C and used within a week of
preparation. Prior to use, the OD of each colloid was
adjusted to 0.7 by the addition of the relevant volume
of PBS.

Hybridisation assay

Lyophilised analyte ssDNA and dsDNA were
reconstituted in water to make up two stock solutions
of either 5 or 1 uM. The more concentrated stock
solution was used in experiments requiring a higher
analyte final concentration of 200 pmol, while the
more dilute solution was wused for all other
experiments.

Assays with ssDNA

40 pL of each DNA-AuNP conjugate was mixed with
10 uL of hybridisation buffer (10 mM phosphate
buffer, pH 7.0 with 0.3 M NaCl). The analyte ssDNA
stock solutions were then added in volumes appro-
priate to make up the desired analyte final concen-
tration. To these mixtures, 40 pL of NaCl solution of
5 M was added (to achieve a final concentration of
1 M in the assay mixture). Finally, water was added
to make up the final assay volume to 200 pL. This
assay mixture was heated to 95 °C for 2 min, fol-
lowed by gradual cooling (approximate rate of cool-
ing was 5°Cmin~") to RT (25-30°C) over
approximately 15 min.

Assays with dsDNA

To prepare the working analyte solutions, the dsDNA
stock solutions (at volumes to make up the desired
analyte concentration in 200 pL) were diluted with
water to a total volume of 70 pL. These mixtures
were heated at 95 °C for 2 min, and to this heated
solution, a mixture of DNA-AuNP conjugates (40 uL
each) and 10 pL of hybridisation buffer (see above for
composition) was added. To these mixtures, 40 pL of
NaCl solution of either 5.0 or 6.1 M was added to
achieve a final NaCl concentration in the assay mix-
ture of 1, or 1.2 M, respectively, and a final volume of
200 pL. This assay was again heated at 95 °C for
2 min, followed by gradual cooling to RT over
approximately 30 min.
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Detection of dAsSDNA in a mixture of calf-thymus DNA

To prepare the working analyte solutions, the dsDNA
stock solutions (at volumes to make up the desired
analyte concentration in 200 pL) were mixed with
water to a volume of 68 pL. 2 pL of calf-thymus DNA
solution (100 mg/77 pL in water) was added. The
rest of the procedure was followed as noted in “As-
says with dsDNA” section

Results and discussion

Preparation and stability of DNA-AuNP
conjugates

As targets for detection, 35-base DNA sequences
from the internal transcribed spacer 1 (ITS1) region of
fungal 18S ribosomal genes were chosen. For the
species-selective detection of G. boninense, the target
sequence was taken from a gene bearing the NCBI
GenBank accession number EU701010 [5] (termed T1,
Table 1). A second sequence taken from the accession
number BD082757 [5, 33] (termed T2) was also cho-
sen, which was a match not only to G. boninense but
also a wider range of fungal ITS1 genes and served as
a more general target for the detection fungi of the
Basidiomycota phylum [34].

Pairs of DNA-AuNP conjugates bearing comple-
mentary probe DNA sequences to each target were
prepared. Two general assay configurations were
investigated for each target. In the “head-to-tail”
(HTT) [20] configuration, two probes in series were
employed, with each complementary probe sequence
attached at 5-end to the AuNP via a 12 base GC
repeat spacer and an alkylthiol linker (Fig. 1a). Here,
a GC spacer [35] is used to increase the distance
between the AuNPs and the target complementary
DNA sequences, to address potential steric crowding
during hybridisation. In the “tail-to-tail” (TTT) format
[22], one probe sequence was attached at the 5'-end
and the other via the 3-end, and the DNA sequences
were attached directly to the AuNPs via alkylthiol
linkers only (Fig. 1b).

To improve the likelihood of identifying probes
that would give reliable results, several pairs of
DNA-AuNP conjugate probes were prepared for
both target sequences. Thus, for target sequence T1,
one probe pair in the head-to-tail configuration (ter-
med P1a"™" and P1b"'™T) and two pairs in tail-to-tail
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Table 1 List of DNA sequences used in this study. All the sequences are listed in the 5’ to 3’ direction. The colour coding is used for
clarity and is consistent with that in Fig. 1. The mismatches are underlined for emphasis

DNA

Ref. Description Sequence (annotated for clarity)
35-mer sequence
T1 . TTGGCTCTCGCATCGATGAAGAAGAACGCAGCAGG
corresponding to
fragment from NCBI
GenBank accession
number EU701010
T1 with single a
M1 K TTGGCTCTCGCATCGATCAAGAAGAACGCAGCAGG
mismatch -
DNA probes Alkylhiol linker  Poly-GC Binding sequence
W complementary to T1 .
Pla ) . (Thiol-C6)« 'GGGCGGCCTGCTGCGTTCTTCTTCAT
in a head-to-tail
P1b"™ | configuration (Thiol-C6)GG GGCGATGCGAGAGCCAA
P1a™" DNA probes (Thiol-C6)CCTGCTGCGTTCTTCTTCAT
P1bTT complementary to T1 CGATGCGAGAGCCAA(Thiol-C3)
in a tail-to-tail Thiok-CE
p1cT configuration (Thiol-C6)CCTGCTGCGTTCTTC
P1d™ TTCATCGATGCGAGAGCCAA(Thiol-C3)
35-mer sequence
corresponding to
T2 fragment from NCBI TTGGCTCTCGCATCGATGAAGAACGCAGCGAAATG
GenBank accession
number BD082757
M2 T2 with various TTGGCTCTCGCATCGATGGAGAACGCAGCGAAATG
M2a mismatch(es) TTGGCTCTCGCATCGATGGGAAACGCAGCGARATG
M2b TTGGCTCTCGCATCGATAGGAGACGCAGCGAAATG
M2c TTGGCTCTCACATCGATGGAGAACGCGGCGAAATG
Mm2d TTGACTCTCACATCGATGGAGAACGCGGCGAGATG
M2e TTGGCTATCGCATCGATGAAGAACGCAGCCAAATG
Mm2f TTGGCCATCGCATCGATGAAGAACGCAGCCARATG
DNA probes Alkylhiol linker  Poly-GC Binding sequence
W complementary to T2 . . )
P2a ) . (Thiol-C6)c ‘GGCATTTCGCTGCGTTC
in a head-to-tail
P2b"™ | configuration (Thiol-C6)CGGGCGGCGCCGTTCATCGATGCGAGAGCCAA
pP2a™" DNA probes for tail-to- | (Thiol-C6)CATTTCGCTGCGTTC
- tail configuration .
P2b TTCATCGATGCGAGAGCCAA(Thiol-C3)
Non-complementary
NC GGAAGGCCAGCTACAACCCAGCTAGTCAAGGTAAC
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(a)

Alkylthiol linker

AuNP

“Head-to-tail” Probe a

5 (P1a"TT)

GC repeat spacer
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“Head-to-tail” Probe b
(P1bHTT) 3

(b)

Alkylthiol linker

3’ Target sequence (T1) 5’
“Tail-to-tail” Probe a “Tail-to-tail” Probe b
(P1a™) (P1bT™T) 3 I
3’ Target sequence (T1) 5’

Figure 1 Schematic diagrams illustrating the a head-to-tail (HTT)
and b tail-to-tail (TTT) binding configurations of the DNA-AuNP

configuration: P1a™"" and P16"™" in (a); or P1a""" and P1b™""

in (b). Both pairs of probes are complementary to the T1 target

conjugate probes to the complementary target single-stranded sequence.
DNA. For brevity, only one example is shown for each
Figure 2 UV-Vis absorption (a) (b)
spectra of conjugates prepared 0.15 - -
using probes a P1a™"T and —:::E 0.15 ::2:,“-;
P1b""T, b P22a""", and —
PopHTT w 0.10 1 0.10
o] 7]
K]
< <
0.05 - 0.05
0.00 . . . . 0.00 : : : '
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

(P1a"™" and PleTT, PlcTTT, and P1d™™) were pre-
pared (Table 1). For sequence T2, one pair of each
conjugate was prepared for each configuration
(P2a""" and P2b™"T, P2a"™"T, and P2b™'"; Table 1).

Following their preparation, the DNA-AuNP con-
jugate bearing the Pla'™"" probe exhibited the
expected deep red colour and a corresponding UV-
Vis spectrum with a Amax at 525 nm (Fig. 2a), similar
to Amax for unconjugated AuNP. However, for
P1bHTT, a higher /max (633 nm) and a broad tail
towards the higher wavelengths was observed,
which suggests the presence of aggregated AuNPs.
DNA-AuNP colloids bearing the P2a"""" and P2b"™"
probes also showed similar results (Fig. 2b), with
P2b"™T showing a broad tail along with /.. at
533 nm. Both pairs of probes were thus unsuitable for
further investigation.

Probes in the tail-to-tail configuration were then
prepared, starting with the P1la"™"" and P1b""" pair.
After DNA conjugation, the expected red colour and
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a Amax of 525 nm were observed for colloid bearing
the P1a"™"" probe (Fig. 3a). However, despite several
efforts to produce the conjugates of P1b""" under
various conditions, stable colloids could not be pro-
duced. The AuNPs precipitated during the NaCl
addition step, resulting in only minimal amounts of
suspended conjugates, as evidenced by the minimal
UV-Vis absorbance. An alternative design was then
attempted using the same sequence that was com-
plementary to the T1 target sequence, but now dif-
ferently divided into each probe (referenced as
P1c"™" and P1d™""; Table 1). This revised design led
to the successful preparation of the DNA-AuNP
conjugates with the expected optical properties
(Fig. 3b). Based on these results, probes P2a’"" and
P2b™T were designed for T2 (Table 1), and the pre-
pared conjugates were found to display the expected
optical properties (Fig. 3c).

It was found that the prepared DNA-AuNP con-
jugates (P1c™™T, P1d™T, P2a™", and P2b™"") were
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Figure 3 UV-Vis absorption (@)
spectra of conjugates prepared 0.5 1
using probes a P1a’"" and
PIb""", b Plc'"" and P1d""" 010
and ¢ P2a""" and P2b™"™. 2 -
<
0.05 -
0.00 T
300 400

Wavelength (nm)

stable between a pH of 4 and 7, as evidenced by a
lack of change in the UV-Vis spectra. Further, these
conjugates were stable for up to two months if stored
at4 °C (at pH 7), though only for 34 days if stored at
room temperature (in the UK, approximately 20 °C),
as evidenced by UV-Vis spectroscopy.

These results suggest that to achieve stable conju-
gates, a minimum of 20 bases are required when
DNA is conjugated to AuNP at 3’ position of DNA,
though the reason for this observation is unclear. The
P1b™" probe has been previously used successfully
in other sensor platforms [19], but the current result
nevertheless shows that the cross-compatibility of
DNA probes between different applications cannot
be assumed. Thus, the probe pair P1c''"/P1d™™"
complementary to T1, and P2a™""/P2b™" pair com-
plementary to T2 were taken for further evaluation.

Hybridisation against single-stranded DNA

In preliminary optimisation experiments, the
hybridisation assays were carried out with ssDNA
sequences as the analyte, which was added to a
mixture consisting of each pair of complementary
DNA-AuNP probes. Three types of analytes were
tested (Table 1): (1) the 35-base target DNA strand
fully complementary to their respective probes (i.e.
either T1 or T2); (2) DNA sequences containing a

500

(o

Abs

(b)
—P1a™™
0.15 -
—P1b™"
o 0.10
Ke)
<
0.05
T 1 0.00 T T T
600 700 300 400 500 600 700
Wavelength (nm)
0.15 - —P2a™"
—P2b™T
0.10 1
0.05 -
0.00 T T T ]
300 400 500 600 700

Wavelength (nm)

single base mismatch referred to as M1 and M2, but
otherwise, identical to T1 or T2, respectively; (3)
“non-complementary” DNA consisting of a randomly
generated sequence of identical length and similar
GC content to T1 and T2 (termed NC). In all cases, a
mixture of equivalent concentrations of DNA-AuNP
conjugates was prepared (to an OD of 0.7 @ 525 nm
of each probe prior to mixing), to which the ssDNA
analyte was added to give a final analyte concentra-
tion of 1 pM (corresponding to 200 pmol of analyte in
200 uL of the total assay mixture). In the negative
control, only water was added as the analyte
(henceforth referred to as “C” in all figures).

For the hybridisation experiments with the tail-to-
tail configuration using probes P1c'"" and P1d™™"
against T1, it was found that a hybridisation mixture
with 1 M NaCl gave good hybridisation after 30 min.
This result was evidenced by a visually observable
colour change from a deep red to lilac and was cor-
roborated by the UV-Vis spectrum that exhibited a
Amax INncrease from 525 to 550 nm, a decrease in the
absorbance at their respective Zmax (Amax) from 0.6 to
0.1 (an approximately 80% reduction), and a broad-
ening of the peak (Fig. 4a, b). In contrast, a negative
control experiment where only water was added, no
significant change in colour or the UV-Vis spectrum
was observed. Similarly, the NC sequence gave no
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Figure 4 Photographs and (a)
UV-Vis spectra of the assay

mixtures containing the DNA-

AuNP conjugates and analyte

for: a, b mixtures using

P1c™T and P1d™™T probes;

and ¢, d mixtures using

P2a""" and P2b™T probes.

The key to the figure:

C = negative control (buffer

only, no DNA); T1, T2, Ml,

M2 and NC correspond to (c)
samples containing the analyte

DNA listed in Table 1. The

photographs show each assay

carried out at a 200 pL total

volume.

significant change also, which confirms that probe
binding is sequence specific. In the case of the mis-
matched sequence M1, a result similar to T1 was
observed, which indicates this probe pair was able to
bind and cannot differentiate this single mismatch
from the fully complementary sequence (i.e. this is a
false positive result).

A similar experiment was performed for P2a
and P2b™"" probes, against T2 or M2. Both these
analyte sequences gave colour and spectroscopic
changes corresponding to a positive result similar to
the above (Fig. 4c, d). As before, negative controls
consisting of the NC sequence or water only gave no
change.

TTT

Response time of hybridisation assay

The rapidity of the assay was then investigated. Here,
using probes P2a’"" and P2b™"" against T2, it was
found that a change in Apax from 525 to 548 nm, and
decrease in the A, from 0.7 to 0.2, occurred after
15 min (Fig. 5c), with little further change even after
45 min (Fig. 5). This result thus shows that the
30-min incubation time previously used was, in fact,
unnecessary, and thus, all subsequent assays were
analysed after 15 min.
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0.0 T T T |
300 400 500 600 700
Wavelength (nm)
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Abs

0.2 A

0.0

300 400 500 600 700
Wavelength (nm)

Assay sensitivity against single-stranded
DNA analyte

Based on the above results, DNA analyte T2 and
DNA-AuNP conjugates prepared using probes
P2a™™" and P2b™T were taken for further study. A
series of assays were carried out by adding between
0.1 and 10 pmol of T2 to the conjugates to test its
sensitivity. These results were compared with a
positive control with 200 pmol and negative control
with water as the analyte. It was found that a visually
observable colour change was produced with as little
as 0.2 pmol of T2 (Fig. 6a), although the UV-Vis
analysis showed that the An,x shift for this amount of
analyte was smaller than for the higher amounts
(10 nm vs. 25 nm, Fig. 6b). The UV-Vis spectrum
corresponding to 0.1 pmol of T2 did show an ~ 50%
reduction in A« without an accompanying change
of Amax, but this change could not be readily observed
visually. Nevertheless, the overall visual transition is
very sharp, spanning just one order of magnitude in
the pmol-fmol range (i.e. 1.0 pmol was clearly posi-
tive, but 0.1 pmol was clearly negative), which
equates to concentrations between 5 and 0.5 nM.
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Figure 5 a UV-Vis spectra of (@)
the assay mixtures containing 0.8 - Y o (©)
the DNA-AuNP conjugates ~——1min
and target DNA analyte for
P2a" " and P2b™"" probes and
b a graph of the corresponding m
Amax Versus time. The g
photographs show C and T2
DNA analyte (200 pmol)
assays after 1 and 15 min
(c and d, respectively).
0.0 T T T 1
300 400 500 600 700
Wavelength (nm)
(b)
1 min (@
525 C T2
530 - + 10 min - e
y .
g 535
<
540
545 1 45 min
e e
550 T T T T T 1
0 10 20 30 40 50
Response time
(b) N
—— 200 pmol
(@) 0.6 1 ,/ © o —10 p'.’n".lf
2 R i
~ ¢ =1 pmol
200 10 1 0.4 .\.‘_/' \ —O.Epmol
0.2 g -4 ¢ == 0.1 pmol
. ‘ 0.1 <
ﬁ’? ’Gy j 0.2
§ o é 0.0

Figure 6 a Photograph and b UV-Vis spectra of the assay
mixtures containing the DNA-AuNP conjugates P2a’'" and

P2b™™" and varying amounts of T2. The photograph shows each

Effect of mismatches on hybridisation
efficiency

As the results with the single-base mismatch M2
sequence also gave a positive result, the tolerance of
the assay (with probes P2a"""/P2b™"") against other
mismatched sequences was investigated. For this

300 400 500 600 700
Wavelength (nm)

assay carried out at a 200 pL total volume, with the labels
indicating the amount of T2 DNA added in pmol.

purpose, the assays were carried out with a series of
analyte sequences bearing mismatches at multiple
locations, referenced M2a to M2f (Table 1).

It was found that analyte sequence M2a, bearing
three mismatches in series at the junction where the
two probe sequences meet, also gave a false positive.
This result was evidenced by a visually observable
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(@)
M2 M2e
C M2f
M2
(C) 5504 T2 O Series
S . M2a < Distrubuted
545 S Q A Located midway
§ 540
< M2e
535 1
530 1
525 1 c

0o 1 2 3 5 ¢

Number of mismatches
Figure 7 a Photograph and b UV-Vis spectra of the assay
mixtures containing the DNA-AuNP conjugates P2a™"' and
P2b™™T and analyte sequences M2a to M2f, as well as M2 for
comparison. Graphs of UV-Vis .« () or Apnax (d) against the
number of base-pair mismatches in the analyte sequences (the inset
arrows show the visually observed colour change, and “C”

colour change, a UV-Vis A, shift from 525 to
545 nm and a drop in Apax similar to M2 (Fig. 7). The
sequence with five mismatches in series (M2b) gave
almost no change in visual appearance, which was
confirmed spectroscopically by a small /., increase
to 531 nm and A« reduction of only 15%. Since this
change was not visually distinguishable from the
negative controls (C in Fig. 7 and NC in Fig. 4d), it
was judged to be a “negative” result.

In contrast to M2a, if three mismatches were indi-
vidually distributed throughout the analyte sequence
(M2c), this gave a negative visual appearance that
was similar to M2b (Fig. 7a). This observation was
consistent with the UV-Vis spectrum showing a
small Amax shift to 533 nm, although there was a
significant decrease in the An.x by 40% (Fig. 7b, d).
The sequence M2d with five distributed mismatches
was also negative, with a visual and spectral result
that was similar to M2b.

The inability of these DNA-AuNP conjugates to
differentiate either one or three mismatches in series
at the meeting point of the two probes (M2 and M2a)
can be rationalised by the binding stability of the
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indicates the control reaction where water is added as the analyte).
The photograph shows each assay carried out at a 200 pL total
volume, and the amount of mismatched DNA was kept at
200 pmol for consistency with the results observed for M2 (in
“Hybridisation against single-stranded DNA” section).

remaining complementary base pairs. It is known
that DNA duplexes with more than ~ 12 comple-
mentary base pairs typically exhibit melting temper-
atures (T,,) well above 37 °C [36]. Since even three
mismatches would allow both probes to bind with
> 14 serial base pairings, it would be expected that
stable DNA hybridisation can still be achieved, which
translates to a positive result. In comparison, M2c
with three distributed mismatches gave a negative
result. However, it is notable that five mismatches in
series (M2b) gave a negative result, even though it
would still theoretically give > 12 base pairings in
series. This result suggests that > 14 serial base
pairings are required in these conjugates, which
could be due to the presence of AuNP hindering
efficient hybridisation.

In the case of mismatches located midway within
the sequence of each probe (M2e and M2f), these gave
an ambiguous result that was mid-way between the
positive and negative controls. An intermediate col-
our and intensity change were visually observed,
consistent with the UV-Vis spectra that gave a Apax
shift to 538 and 536 nm (for M2e and M2f,
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respectively) and an A, decrease of ~ 48% for both
(Fig. 7d). Thus, though these mismatches could not
be differentiated by eye, they could still be identified
spectroscopically.

Assays based purely on direct hybridisation are
known to have a limited ability to discriminate single
base-pair mismatches due to the small difference in
stability compared to a perfectly matched DNA
duplex. Various modifications to the basic strategy
such as employing specific interactions between
Lambda exonuclease and a chemically modified
DNA [37], double-stranded toehold exchange [38],
and co-amplification at lower denaturation tempera-
ture [39] have been proposed to enhance the sensi-
tivity of the assays towards one or more mismatches.
However, these approaches increase the complexity
of the assay and make it less suitable for field
deployment.

Assays against double-stranded DNA
analytes

As a step towards biologically relevant diagnostics,
the assay was next tested against dsSDNA fragments.
Here, the experiments consisted of dsDNA with the
T2 sequence (referred henceforth as T2') and
nanoparticle conjugates bearing probes P2a™" and
P2b™"". The assay procedure was also modified such
that the analyte was heated to 95 °C to induce the
denaturation of the dsDNA [40] and enable subse-
quent probe hybridisation upon cooling. It was,
however, observed that in contrast to ssDNA (see in
“Response time of hybridisation assay” section), a
more extended waiting period was needed for the
assay to develop (30 vs. 15 min with ssDNA).

A range of analyte amounts was then tested from
0.2 to 200 pmol (in a 200 pL final assay volume). In
order to optimise the sensitivity, the concentration of
NaCl in the assay mixtures were also varied (either
1.0 or 1.2 M) [41]. It was found that a visually
observable positive result could be achieved at 10,
and 1 pmol (corresponding to concentrations of
50 nM, and 5 nM, respectively) of T2', at each of the
respective NaCl concentrations (Fig. 8a, c). These
observations were supported by UV-Vis spectra
showing both the expected increases in /Am.x and
decreases in Amax, typically by 20-25 nm and 40-50%,
respectively, depending on the amount of analyte
(Fig. 8b, d). However, even the best results obtained
here were still fivefold less sensitive than the
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equivalent experiment with ssDNA. This result is
likely due to the competitive rebinding of the analyte
ssDNA to its complementary strand upon cooling.

Selectivity in the presence of non-
complementary DNA

In order to demonstrate the selectivity of the assay in
the presence of a large amount of non-complemen-
tary genomic DNA that would be present in any
potential biologically derived sample, the optimised
dsDNA assay was then carried out in the presence of
calf thymus DNA (CT), as a model mixture of non-
complementary dsDNA with a variety of lengths.
Here, varying amounts of T2’ dsDNA from 0.2 to
200 pmol were mixed with 2.6 mg of CT and tested.

Similar to the isolated dsDNA, quantities of T2’ as
low as 10 and 2 pmol (which equates to a concen-
tration of 50 nM and 10 nM) gave a visually observ-
able result, even in the presence of a considerable
amount of CT, at 1 and 1.2 M (Fig. 9a) NaCl con-
centration, respectively. The UV-Vis spectra also
showed the corresponding Ana.x increase from 525 to
540 nm, though the A,y reduction, in this case, was
more modest at 24% (Fig. 9b).

Conclusion

In conclusion, we have demonstrated the detection of
DNA fragments associated with G. boninense based
on the application of sequence-selective aggregation
of DNA-AuNP conjugates. A detailed optimisation
was performed involving a range of analyte sequen-
ces and two assay configurations to detect ssDNA
and dsDNA. The target DNA can be easily be visu-
ally identified down to a concentration of 0.2 pmol
ssDNA or 2 pmol dsDNA. The sensitivity limit was
maintained for the dsDNA even in the presence of a
large excess of non-complementary DNA. This pro-
tocol is simple to implement and is relatively rapid
(within 30 min), without the need for sophisticated
equipment and specialist training. Indeed, only the
mixing of several solutions at room temperature and
heating to a single temperature is required.

These results represent the first steps towards the
development of a nanoparticle-based assay for prac-
tical application in tropical agriculture. To this end,
there is significant scope further improvement of the
assay performance. The reported results were carried
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Figure 9 a Photograph and b UV-Vis spectra of the assay
mixtures containing the DNA-AuNP conjugates P2a’'' and
P2b™"T and varying concentrations of T2’ and in the presence of

out at a 200 uL scale for the purposes of UV-Vis
measurements. However, in a field application, scal-
ing down the assay volumes by order of magnitude
can be envisioned, and would still be sufficient for a
visually observable result, while reducing the
amount of analyte needed to the fmol range. It is
noted that the current assay design is not able to
differentiate a single mismatch or three mismatches
in series. However, this limitation can be overcome
by careful selection of sections of the ITS1 gene where
there are large differences in sequence. The imple-
mentation of strand displacement strategies will also
be able to achieve clearer differentiation between
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300 400 500 600

Wavelength (nm)

CT with 1.2 M NaCl. The photograph shows each assay carried
out at a 200 pL total volume, with the labels indicating the amount
of T2’ DNA added in pmol.

sequences bearing mismatches [42-45]. The overall
sensitivity of the assay could also be improved,
especially with respect to dsDNA, through further
modification of the basic approach, such as incorpo-
rating the capture of the nanoparticle aggregates on
surfaces, by increasing the probe/target ratio or by
increasing the size of the AuNP used [21, 32].
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