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Abstract
A colorimetric assay for the detection of DNA fragments associated with the oil palm pathogen
Ganoderma boninense is reported, which is based on the aggregation of DNA-nanoparticle
conjugated in the presence of complementary DNA from the pathogen. Here, various designs of
DNA-nanoparticle conjugates were evaluated, and it was found that the best design gave a
visually observable colour change with as little as 2 pmol of double-stranded DNA analyte
even in the presence of a large excess of a mixture of non-complementary DNA. The assay
was also able to differentiate analyte sequences with three or more single nucleotide
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mismatches. Overall, this label-free system is rapid, sensitive, selective, simple in design and
easy to carry out. It does not require specialist equipment or specialist training for the
interpretation of the results and therefore has the potential to be deployed of agricultural
diagnostics in the field.

Graphical Abstract

Development of a colorimetric assay based on DNA-nanoparticle conjugates for the oil palm
pathogen Ganoderma boninense
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Introduction
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
infection with fungal pathogen Ganoderma boninense,2-5 and results in economic losses of
between RM 225 million to RM 1.5 billion annually in Malaysia6. The disease causes in a
reduction in crop yields and eventual death of the palms, necessitating frequent felling and
replanting. 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 organism that is transmitted through the roots of young
plants, and the disease is symptomless at the early stage of infection. Thus, there is a need for
quantitative, sensitive and selective detection methods. Furthermore, in order 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
conditions, and not dependent on specialist equipment or training.
Various physical and chemical methods based on volatile molecule “electronic-nose”
sensors,7 ultrasonic density measurements,8 spectral imaging,9-11 and microwave radar
backscattering12 have been investigated in attempts to detect G. boninense in the field.
However, these detection methods possess practical disadvantages in regards to complexity,
cost and the need for specialist equipment and training to arrive at an unequivocal positive
identification. From a molecular biological perspective, the earliest molecular attempts to
identify G. boninense species relied on antibody-based immunoassays.13-15 However, due to
the cross-reactivity of the antibodies, false positive results caused by other fungi such as G.
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miniacinctum and G. zonatum, as well as Trichoderma and Botrytis species, were also
observed.14 Further, their application in the 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 G. boninense attack),16 and DNA fragments
associated with this organism17,18 have also been reported. The latter in particular has been
shown to give high sensitivity (~ 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, colorimetric assays that employ gold nanoparticles (AuNP) conjugated to
DNA19-21 have shown great potential in diagnostics for human diseases22-23. 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 nanoparticles.
This aggregation, in turn, gives rise to an increase in the particles' surface plasmon resonance
and thus UV-Vis absorption spectrum (i.e. an increase in max of the spectrum), which
translates into a visually observable colour change (typically red to lilac). This analytical
approach therefore offers many of the attributes 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 application of DNA-AuNP conjugates
towards the detection and quantification of DNA sequences related to G. boninense, 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 carried out
independently in the UK (Manchester) and Malaysia (UPM) to demonstrate their
reproducibility.
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1.

Experimental Section

1.1. Materials and Equipment
All chemical reagents were purchased from Sigma Aldrich (Haverhill, UK), Merck
(Feltham, UK) or ThermoFisher Scientific (Altrincham, UK) 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–1 sodium citrate was purchased from Alfa Aesar
(Heysham, UK). Deionised water (resistivity ~ 18.2 MΩ) was used for all the experiments.
The single-stranded (ss) DNA, double-stranded (ds) DNA of the analyte sequences
and various DNA probes (with a 5 S-S C6 disulfide linker or 3 S-S C3 disulfide linker) were
purchased from Sigma Aldrich. These were all supplied after purification by highperformance liquid chromatography and in lyophilised form. Deoxyribonucleic acid sodium
salt from calf thymus (referred henceforth as “CT”) was supplied by Sigma Aldrich.
1.2. Preparation of DNA probes-AuNP conjugates
DNA-AuNP conjugates were prepared as previously described24 with few
modifications. The disulfide modified oligonucleotides (100 μM, 40 L) were mixed with
TCEP (20 mM, 40 L) for 2 h at room temperature (RT) to prepare 50 μM of DNA solutions
with reduced thiols. This solution (80 L) was then mixed with 1 mL of citrate-stabilised
AuNP colloid, and the mixture was incubated at RT for 12 h. 24 μL of 1 M NaCl was added
to this mixture followed by sonication for 10 s. This process of addition of NaCl and
sonication (10 s) was 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 allowed to stand at
RT for 24 h, then centrifuged at 19,000 g for 30 min. The supernatant was decanted, and then
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the pellet of AuNP resuspended in 5 mM phosphate buffered saline (PBS, at pH 7.4)
containing 0.01 % v/v Tween 20. This process of centrifugation, decanting and resuspension
then repeated three times, and final pellet of AuNP was re-suspended in 100 μL 10 mM PBS
buffer. The OD was then measured by UV-vis spectroscopy at 525 nm. These DNA-AuNP
conjugates were typically stored at 4 °C (fridge) 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
10 mM PBS.
1.3. Hybridisation assay
Lyophilised analyte ssDNA and dsDNA were reconstituted in water to make up two
stock solutions of either 5 or 1 M (stock solutions A and B, respectively). For analyte
concentrations of 20 nmol, stock solution A was used, while solution B was used for all other
experiments.
1.3.1. For the detection of ssDNA
40 L of each DNA-AuNP conjugate was mixed with 10 L 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 sufficient to make up the desired analyte concentration in a final
assay volume of 200 μL. To these mixtures, 40 L of NaCl solution of 5 M was added to
achieve a final concentration in the assay mixture of 1 M. Finally; water was added to make
up the final assay volume to 200 μL. This colloidal solution was heated to 95 °C for 2 min,
followed by gradual cooling (approximate rate of cooling was 5 °C/min) to RT (25 – 30 °C)
over approximately 15 min.
1.3.2. For the detection of dsDNA
To make the working analyte solutions, the dsDNA stock solutions (at volumes to
make up the desired analyte concentration in 200 μL) were mixed with water to a volume of
70 μL. These mixtures were heated at 95 °C for 2 min, and to this heated solution, a mixture

6

of DNA-AuNP conjugates (40 L each), 10 L of hybridisation buffer (see sub-sub-section
2.3.1) was added. To these mixtures, 40 L of NaCl solution of either 5, 10 or 15 M was
added to prepare the assay to achieve a final concentration in the assay mixture of 1, 2 or 3
M, respectively, to achieve a final volume of 200 L. This assay was again heated at 95 °C
for 2 min, followed by gradual cooling to RT over approximately 30 min.
1.3.3. For the detection of dsDNA in a mixture of calf-thymus DNA
To make the working analyte solutions, the dsDNA stock solutions (at volumes to
make up the desired analyte concentration in 200 μL) were mixed with water to a volume of
68 μL. 2 L of calf-thymus DNA solution (100 mg/77 L in water) was added. Rest of the
procedure was followed as noted in sub-sub-section 2.3.2.

2.

Results and Discussion

2.1. Preparation and stability of DNA-AuNP conjugates
For the species-selective detection of G. boninense, DNA sequences from the internal
transcribed spacer 1 (ITS1) region of its 18S ribosomal gene were chosen as targets.5,25 Two
short DNA sequences were selected from the ITS1 genes bearing the NCBI Genebank
accession numbers EU701010 and BD082757 (termed T1 and T2 respectively, Table 1), and
pairs of DNA-AuNP conjugates bearing complementary probe DNA sequences to each target
were prepared. Two general assay configurations were investigated for each target. In the
“head-to-tail” (HTT)19 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 (Figure 1a). Here, GC spacer is used to increase the spacing
between AuNPs conjugated to two probes. In the “tail-to-tail” (TTT) format21 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 (Figure 1b).
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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 (termed P1aHTT and
P1bHTT) and two pairs in tail-to-tail (P1aTTT and P1bTTT, P1cTTT and P1dTTT) were prepared
(Table 1). For sequence T2, one pair of each conjugate was prepared for each configuration
(P2aHTT and P2bHTT, P2aTTT and P2bTTT; Table 1).

Figure 1. Schematic diagrams illustrating the (a) head-to-tail (HTT) and (b) tail-to-tail (TTT)
binding configurations of the DNA-AuNP conjugate probes to the complementary target
single-stranded DNA. For simplicity, only one example is shown for each pair of probes
(P1aHTT and P1bHTT in (a), or P1aTTT and P1bTTT in (b)), which are complementary to the T1
target sequence.
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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 Figure 1. The
mismatches are underlined for emphasis.
Ref.
Description
Sequence (annotated for clarity)
35-mer sequence
corresponding to
fragment from NCBI TTGGCTCTCGCATCGATGAAGAAGAACGCAGCAGG
T1
Genebank accession
number EU701010
T1 with single a
TTGGCTCTCGCATCGATCAAGAAGAACGCAGCAGG
M1
mismatch
Alkylhiol linker Poly-GC
Binding sequence
DNA probes
HTT
(Thiol-C6)
GGCCGCGGGCGGCCTGCTGCGTTCTTCTTCAT
complementary to
P1a
HTT
(Thiol-C6)GGCCGCGGGCGGCGATGCGAGAGCCAA
T1 in a head-to-tail
P1b
configuration
TTT
(Thiol-C6)CCTGCTGCGTTCTTCTTCAT
DNA probes
P1a
TTT
complementary to
P1b
CGATGCGAGAGCCAA(Thiol-C3)
TTT
T1 in a tail-to-tail
P1c
(Thiol-C6)CCTGCTGCGTTCTTC
TTT
configuration
P1d
TTCATCGATGCGAGAGCCAA(Thiol-C3)
35-mer sequence
corresponding to
fragment from NCBI TTGGCTCTCGCATCGATGAAGAACGCAGCGAAATG
T2
Genebank accession
number BD082757
TTGGCTCTCGCATCGATGGAGAACGCAGCGAAATG
T2 with various
M2
TTGGCTCTCGCATCGATGGGAAACGCAGCGAAATG
mismatch(es)
M2a
TTGGCTCTCGCATCGATAGGAGACGCAGCGAAATG
M2b
TTGGCTCTCACATCGATGGAGAACGCGGCGAAATG
M2c
TTGACTCTCACATCGATGGAGAACGCGGCGAGATG
M2d
TTGGCTATCGCATCGATGAAGAACGCAGCCAAATG
M2e
TTGGCCATCGCATCGATGAAGAACGCAGCCAAATG
M2f
HTT

P2a
P2bHTT
P2aTTT
P2bTTT
NC

DNA probes
complementary to
T2 in a head-to-tail
configuration
DNA probes for tailto-tail configuration
Non-complementary
DNA

Alkylhiol linker Poly-GC
Binding sequence
(Thiol-C6)GGCCGCGGGCGGCATTTCGCTGCGTTC
(Thiol-C6)CGGGCGGCGCCGTTCATCGATGCGAGAGCCAA
(Thiol-C6)CATTTCGCTGCGTTC

TTCATCGATGCGAGAGCCAA(Thiol-C3)
GGAAGGCCAGCTACAACCCAGCTAGTCAAGGTAAC
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Following their preparation, the DNA-AuNP conjugate bearing the P1aHTT probe
exhibited the expected deep red colour and a corresponding UV-Vis spectrum with a λmax at
525 nm (Figure 2a), similar to λmax for unconjugated AuNP. However, for P1bHTT, a higher
λmax (533 nm) and a broad tail towards the higher wavelengths was observed, which suggests
the presence of aggregated AuNPs. DNA-AuNP colloids bearing the P2aHTT and P2bHTT
probes also showed similar results (Figure 2b), with P2bHTT showing a broad tail along with
λmax at 533 nm. Both pairs of probes were thus unsuitable for further investigation.

(a)

0.15
P1aHTT
P1bHTT

0.10

(b)

P2aHTT
P2bHTT

0.15

Abs

Abs

0.10

0.05

0.00
300

0.05

400
500
600
Wavelength (nm)

700

0.00
300

400
500
600
Wavelength (nm)

700

Figure 2. UV-Vis absorption spectra of conjugates prepared using probes (a) P1aHTT and
P1bHTT, (b) P2aHTT and P2bHTT.

Probes in the tail-to-tail configuration were then prepared, starting with the P1aTTT
and P1bTTT pair. Post DNA conjugation, expected red colour and a λmax of 525 nm was
observed for colloid bearing the P1aTTT probe (Figure 3a). However, despite several efforts to
produce the conjugates of P1bTTT under various conditions, stable colloids could not be
produced. 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 complementary to
the T1 target sequence, but now differently divided into each probe (referenced as P1cTTT and
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P1dTTT; Table 1). This revised design led to the successful preparation of the DNA-AuNP
conjugates with the expected optical properties (Figure 3b). Based on these results, probes
P2aTTT and P2bTTT were designed for T2 (Table 1), and the prepared conjugates were found
to show expected optical properties (Figure 3c).
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Figure 3. UV-Vis absorption spectra of conjugates prepared using probes (a) P1aTTT and
P1bTTT, (b) P1cTTT and P1dTTT and (c) P2aTTT and P2bTTT.

These results suggest that to achieve stable conjugates, 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 P1bTTT probe has been previously used successfully in other
sensor platforms,18 but the current result nevertheless shows that the cross-compatibility of
DNA probes between different applications cannot be assumed. Thus, the probe pair
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P1cTTT/P1dTTT complementary to T1 and P2aTTT/P2bTTT complementary to T2 were taken for
further evaluation.

2.2. 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): (i) the
target DNA strand consisting of 35 bases fully complementary to their respective probes (i.e.
either T1 or T2); (ii) DNA sequences containing a single base mismatch referred to as M1
and M2, but are otherwise identical to T1 or T2, respectively; (iii) “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 DNAAuNP conjugates were prepared (to an optical density, OD, of 0.7 @ 525 nm of each probe
prior to mixing), to which the ssDNA analyte was added to give a final analyte concentration
of 1 M (corresponding to 20 nmol of analyte in 200 L 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
P1cTTT and P1dTTT 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 corroborated by the UV-Vis spectrum that exhibited
a λmax increase from 525 to 550 nm, a decrease in the absorbance at their respective λmax
(Amax) from 0.6 to 0.1 (an approximately 80 % reduction), and a broadening of the peak
(Figure 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
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sequence gave no significant change also, which confirms that probe binding is sequence
specific. In the case of the mismatched 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 P2aTTT and P2bTTT probes, with T2 or M2.
Both these analyte sequences gave colour and spectroscopic changes corresponding to a
positive result similar to the above (Figure 4c & d). As before, negative controls consisting of
the NC sequence or water only gave no change.
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Figure 4. Photographs and UV-Vis spectra of the assay mixtures containing the DNA-AuNP
conjugates and analyte for: (a & b) mixtures using P1cTTT and P1dTTT probes; and (c & d)
mixtures using P2aTTT and P2bTTT probes. The photographs show each assay carried out at a
200 μL total volume.
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2.3. Response time of hybridisation assay
The rapidity of the assay was then investigated. Here, using probes P2aTTT and P2bTTT
against T2, it was found that a change in λmax from 525 to 548 nm, and decrease in the Amax
from 0.7 to 0.2, occurred after 15 min (Figure 5 c), with essentially no further changes even
after 45 min (Figure 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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Figure 5. a) UV-Vis spectra of the assay mixtures containing the DNA-AuNP conjugates and
target DNA analyte for P2aTTT and P2bTTT probes and c) change in λmax vs. response time.
The photographs show C and T2 DNA analyte (20 nmol) assay post 1 min (b) and 15 min (d)
cooling.

14

2.4. Assay sensitivity against single-stranded DNA analyte
Based on the above results, DNA analyte T2 and DNA-AuNP conjugates prepared
using probes P2aTTT and P2bTTT 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 20 nmol 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 (Figure 6a), although the UV-Vis analysis showed that the λmax shift
for this amount of analyte was smaller than for the higher amounts (10 nm vs 25 nm, Figure
6b). The UV-Vis spectrum corresponding to 0.1 pmol of T2 did show an ~ 50 % reduction in
Amax without an accompanying change of λmax, but this change could not be readily observed
visually. Nevertheless, the visual transition overall is very sharp, spanning just one order of
magnitude in the pmol – fmol range (i.e. 1.0 pmol was clearly positive, but 0.1 pmol was
clearly negative).
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Figure 6. (a) Photograph and (b) UV-Vis spectra of the assay mixtures containing the DNAAuNP conjugates P2aTTT and P2bTTT and varying amounts of T2. The photograph shows each
assay carried out at a 200 μL total volume, with the labels indicating the amount of T2 DNA
added in pmol.
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2.5. Effect of mismatch on the hybridisation efficiency of DNA analyte
As the results with the single-base mismatch M2 sequence also gave a positive result,
the tolerance of the assay (with probes P2aTTT/P2bTTT) against other mismatched sequences
was investigated. For this 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 colour change and a UV-Vis λmax shift from 525 to 545
nm and a drop in Amax similar to M2 (Figure 7). The sequence with five mismatches in series
(M2b) gave only a minimal change in colour, which was confirmed spectroscopically by a
small λmax increase to 531 nm and Amax reduction of only 15 %. Since this change was not
visually distinguishable from the negative controls (C in Figure 7 and NC in Figure 4d), it
was judged to be a “negative” result.
In contrast to M2a, if three mismatches were individually distributed throughout the
analyte sequence (M2c), this gave a “negative” visual appearance that was similar to M2b
(Figure 7a). This observation was consistent with the UV-Vis spectrum showing a small λmax
shift to 533 nm, although there was a significant decrease in the Amax by 40 % (Figure 7b and
d). The sequence M2d with five distributed mismatches was however clearly 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 remaining complementary base pairs. It is known that DNA
duplexes with more than ~ 12 complementary base pairs typically exhibit melting
temperatures (Tm) well above 37 °C.26 Since even three mismatches would allow both probes
to bind with ≥14 serial base pairings, it would be expected that stable DNA hybridisation can
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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.
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Figure 7. (a) Photograph and (b) UV-Vis spectra of the assay mixtures containing the DNAAuNP conjugates P2aTTT and P2bTTT and analyte sequences M2a to M2f, as well as M2 for
comparison. Graphs of UV-Vis λmax (c) or Amax (d) against the number of base pair
mismatches in the analyte sequences (the inset arrows show the visually observed colour
change, and “C” indicates the control reaction where water is added as the analyte). The
photograph shows each assay carried out at a 200 μL total volume, and the amount of
mismatched DNA was kept at 20 nmol for consistency with the results observed for M2 (in
Section 3.2).
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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 colour and intensity change were visually observed,
consistent with the UV-Vis spectra that gave a λmax shift to 538 and 536 nm (for M2e and
M2f, respectively) and an Amax decrease of ~ 48% for both (Figure 7d). Thus, though these
mismatches could not be differentiated by eye, they could still be identified spectroscopically.

2.6. Assays against double-stranded DNA analytes
As a step towards biologically relevant diagnostics, the assay was next tested against
dsDNA fragments. Here, the experiments consisted of dsDNA with the T2 sequence (referred
henceforth as T2′) and nanoparticle conjugates bearing probes P2aTTT and P2bTTT. The assay
procedure was also modified such that the analyte was heated to 95 °C to induce the
denaturation of the dsDNA27 and enable subsequent probe hybridisation upon cooling. It was
however observed that in contrast to ssDNA (sub-section 3.3), a longer 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 pmol to 20 nmol (in a 200 μL
final assay volume). In order to optimise the sensitivity, the concentration of NaCl in the
assay mixtures were also varied (from 1 to 3 M)28. It was found that a visually observable
positive result could be achieved at 10, 1 and 1 pmol of T2′, at all NaCl concentrations that
were tested (Figure 8a, c & e). These observations were supported by UV-Vis spectra
showing both the expected increases in λmax and decreases in Amax, typically by 20–25 nm
and 40–50 %, respectively; depending on the amount of analyte (Figure 8b, d & f). However,
even the best results obtained here were still 5-fold less sensitive than the equivalent
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experiment with ssDNA. This result is likely due to competitive rebinding of the analyte
ssDNA to its complementary strand upon cooling.
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Figure 8. Photographs and UV-Vis spectra of the assay mixtures containing the DNA-AuNP
conjugates P2aTTT and P2bTTT and varying amounts of T2′, with (a & b) 1, (c & d) 2 M and (e
& f) 3 M NaCl. The photographs show each assay carried out at a 200 μL total volume, with
the labels indicating the amount of T2′ DNA added in pmol.
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2.7. 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-complementary genomic DNA that would be present in any potential biologically
derived sample, the optimised dsDNA assay was then carried out in the presence of CT, as a
model mixture of non-complementary dsDNA with a variety of lengths. Here, varying
amounts of T2′ dsDNA from 0.2 pmol to 20 nmol were mixed with 2.6 mg of CT and tested.
Similar to the isolated dsDNA, quantities of T2′ as low as 2 pmol gave a visually
observable result, even in the presence of a considerable amount of CT (Figure 9a). The UVVis spectra also showed the corresponding λmax increase from 525 to 540 nm, though the Amax
reduction, in this case, was more modest at 24 % (Figure 9b). Similar results were obtained
regardless of the NaCl concentration used (between 1 and 3 M).
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Figure 9. (a) Photograph and (b) UV-Vis spectra of the assay mixtures containing the DNAAuNP conjugates P2aTTT and P2bTTT and varying concentrations of T2′ and in the presence of
CT with 1 M NaCl. The photograph shows each assay carried out at a 200 μL total volume,
with the labels indicating the amount of T2′ DNA added in pmol.
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3.

Conclusion
In conclusion, we have demonstrated a label-free, sensitive and selective colorimetric

DNA detection method that combines distance-dependent optical properties of AuNP with
the hybridisation of complementary DNA for the detection of DNA fragments associated
with Ganoderma boninense pathogen. A detailed survey was performed involving a range of
analyte sequences and two assay configurations to detect single and double-stranded DNA.
The target DNA can be easily be visually identified down to a concentration of 0.2 pmol
ssDNA or 2 pmol dsDNA, respectively. The sensitivity limit was maintained for the dsDNA
even in the presence of a large excess of non-complementary DNA. This protocol 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 practical application in tropical agriculture. To this end, there is significant scope
further improvement of the assay performance. The reported results were carried out at a 200
μL scale for the purposes of UV-Vis measurements. However, in a field application, scaling
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. The implementation of strand displacement strategies will also be able to achieve
clearer differentiation between sequences bearing mismatches.29-31
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