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Detection  of DNA  mutations  is  critical  for  scientific  research  and  diagnostic  procedures.  Here,  we  propose
a novel  interdisciplinary  method  for rapid and  simple  detection  of DNA  mutations.  We  show  that  heating
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a  solution  containing  DNA  and  gold  nanoparticles  results  in degradation  of  the  DNA.  Surprisingly,  we
found  that  the  DNA  can  be protected  against  degradation,  if an  oligonucleotide  that  matches  the  DNA  is
added  to  the  solution.  Moreover,  the  level  of degradation  indicates  the presence  of  mutations  in  the  DNA.
The  method  is sensitive  enough  to indicate  even  a single  nucleotide  difference,  and  has  the potential  to
ultimately  replace  initial  medical  genetic  tests.  As proof  of  concept,  we demonstrate  a clear  detection  of
two of  the most  common  mutations  leading  to  Cystic  Fibrosis.
iosensors

. Introduction

Detection of DNA mutations is elementary practice for medical
enetic tests as well as for scientific laboratory applications. Med-
cal tests and screens relying on DNA mutation detection include
outine preconception and prenatal genetic screens, and tests for
isease predisposition. Traditional methods for mutation detection

nclude sequencing, PCR, fluorescent in situ hybridization, restric-
ion fragment length polymorphism, biosensors and microarrays
1–8]. However, not all methods are suitable for detection of any
ind of mutation, and specifically for detection of point mutations.

Nanoparticles are used in biology and medicine [9–11]. Recent
tudies have demonstrated the use of nanoparticles for DNA muta-
ion detection. These methods are based on nanoparticles that are
ttached to DNA molecules and change their properties in response
o mutations. We  study the interaction between DNA molecules
nd unbound nanoparticles. A previous study has reported that
NA attached to gold nanoparticles, that is heated for several hours,
ndergoes degradation [12]. Here we report that heating DNA in the

resence of unbound nanoparticles results in rapid degradation.

f an oligonucleotide that matches this DNA is added to the solu-
ion prior to heating, the degradation is slowed down considerably.
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Remarkably, we  discovered that the level of protection following
the addition of an oligonucleotide with even one mismatch, signif-
icantly decreases. Thus, we  propose a novel approach for detection
of DNA mutations.

2. Results

We  observed that heating a solution containing a DNA plasmid
and gold nanoparticles results in degradation of the DNA plasmid
in Fig. 1a, pUC19 DNA plasmid was incubated in the presence or
absence of gold nanoparticles for 5 min, and then heated at 95 ◦C
for 3 min. The mixture was allowed to cool at room temperature,
followed by removal of the nanoparticles using a DNA cleanup kit.
The DNA was visualized on an agarose gel. The result indicates that
heating in the presence of nanoparticles causes the DNA to degrade
(lane 1 vs. 2). Heating the DNA without nanoparticles does not cause
the DNA to degrade (lane 3), indicating that the nanoparticles are
essential for the degradation effect.

Next we  observed that addition of an oligonucleotide that
matches the DNA partially protects the DNA from degradation,
while an oligonucleotide that does not match the DNA does not pro-
tect it (Fig. 1b). A mixture of DNA plasmid and gold nanoparticles
were incubated as in Fig. 1a, with the addition of an oligonucleotide
that fully matches the DNA (lanes 1 and 2) or an oligonucleotide
that does not match the DNA (lane 3). Where indicated, the mix-
tures were then heated for 80 s. The mixtures were allowed to

cool, nanoparticles were removed, and the DNA was  visualized
as in Fig. 1a. Clearly, the oligonucleotide that matches the DNA
partly protects the DNA from degradation, whereas the oligonu-
cleotide that does not match the DNA does not protect the DNA.

dx.doi.org/10.1016/j.ijbiomac.2013.04.018
http://www.sciencedirect.com/science/journal/01418130
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Fig. 1. Heating of a DNA plasmid in the presence of gold nanoparticles and oligonu-
cleotides indicates the presence of DNA mutations. (a) A black “+” indicates that the
samples contained gold nanoparticles. A gray “+” indicates that the samples were
h
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eated. b. The oligonucleotide that fully matches the DNA is 35, the oligonucleotide
hat does not match is 9 (see Section 4 for sequences). “+” Indicates that the samples
ere heated. An irrelevant lane was digitally removed between lanes 1 and 2 in this
gure.

he protection from degradation is especially surprising since the
ligonucleotides were only 22 bases in length, compared to the

NA plasmid which was 2686 base pairs long.

In light of our finding that the match between the oligonu-
leotide and the DNA is important for protection from degradation,
e hypothesized that the level of degradation might be an indicator

ig. 2. (a) The oligonucleotide that fully matches the DNA is 35, the oligonucleotide with
ane  was  digitally removed between lanes 3 and 4 in this figure. (b) Densitometry of the 

xperiments with S.E.M., p value is 0.0046. Oligo 35 is referred to as 100%. Densitometry 

 and 6; 30 s for lanes 2 and 7; 1 min  for lanes 3 and 8; 2 min  for lanes 4 and 9; and 3 min

Fig. 3. Illustration of the method. (For interpretation of the references to co
cal Macromolecules 59 (2013) 134– 137 135

of the level of mismatch between the oligonucleotide and DNA. We
therefore compared the level of protection conferred on the DNA  by
a fully matching oligonucleotide vs. an oligonucleotide containing
a mismatch (Fig. 2a). Again, heating of the DNA without oligonu-
cleotides causes degradation of the DNA (lane 1), whereas unheated
DNA remains intact (lane 4). As previously, an oligonucleotide that
fully matches the DNA partly protects the DNA against degrada-
tion (lane 2). Confirming our hypothesis, we discovered that an
oligonucleotide with one mismatch (lane 3) protects the DNA to
a significantly lower extent compared to the oligonucleotide that
fully matches the DNA. The difference was quantified and the band
intensity of the oligonucleotide with partial match was found to be
on average 26% lower compared to the oligonucleotide that fully
matches the DNA (Fig. 2b). The different levels of protection con-
ferred on the DNA by two oligonucleotides with only one different

nucleotide between them, indicates that this system can be used to
detect mutations.

We tested several time durations of heating, and noticed that
the level of degradation of the DNA directly correlates to the time

 partial mismatch is 36. “+” Indicates that the samples were heated. An irrelevant
difference between oligo 35 and 36. The graph shows an average of 7 independent
was done using the imageJ software. (c) Time durations of heating were 0 for lanes

 for lanes 5 and 10. The matching oligonucleotide is 35.

lor in the text, the reader is referred to the web version of the article.)
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Fig. 4. The plasmid pCFmut was used for this figure. (a) Oligonucleotides: lane
3–107, lane 4–108, lane 5–97 and lane 6–98. Irrelevant lanes were digitally removed
between lanes 2 and 3, 4 and 5 in this figure. (b) Quantification of the difference
between the mutated and WT  oligonucleotides. The graph shows an average of 6
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ndependent experiments with S.E.M., p value is 0.029 for mutation 1282, and 0.031
or mutation 508. The respective fully matching oligos are referred to as 100%.

f heating (Fig. 2c). Importantly, the protection conferred on the
NA by the oligonucleotide that fully matches, is evident only at

he intermediate time points (compare lanes 3 with 8 and 4 with
). Therefore, careful optimization of the heating time is required.

The procedure is illustrated in Fig. 3. In Fig. 3a we  have an
nmutated plasmid (green), and in Fig. 3b a mutated plasmid. The
ligonucleotide (red) is identical in Fig. 3a and b, and fully matches
he unmutated plasmid but not the mutated plasmid. After heating
n the presence of nanoparticles (yellow), the oligo therefore pro-
ects the unmutated plasmid better than it protects the mutated
lasmid, which is degraded to a higher degree compared to the
nmutated plasmid.

In order to show that our method can be useful for diagnos-
ic purposes, we chose two of the most common mutations that
ause the disease Cystic Fibrosis, and successfully detected their
resence (Fig. 4a). We generated a DNA plasmid, containing an

nsert with sequences spanning our two chosen mutations. The
hosen mutations were delF508 and H1282X (see description of the
CFmut plasmid and mutations in Section 4). The presence of the
utations was successfully identified using our method (compare

anes 3 with 4 and 5 with 6). As seen in Fig. 2c, optimization of the
eating time is required in order to observe the difference in protec-
ion level between the fully and partially matching oligos. For the
etection of Cystic Fibrosis, this difference was most clear when

sing a relatively short heating time, which did not result in full
egradation of the DNA. Although the difference in band shape is
learly visible by eye, we could not use regular densitometry for the
etection of this difference. The difference in band histograms was
cal Macromolecules 59 (2013) 134– 137

therefore quantified using an algorithm we developed specifically
for this purpose: conventional discrimination between bands is
performed only based on gray levels information and is performed
over 1-D gray level distribution. Our phase space based processing
converts the 1-D gray level information into 2-D textural distribu-
tion, allowing much higher discrimination (see Section 4 for further
details). Analysis of our results using this algorithm showed that
the oligonucleotides with one mismatch were 11% and 16% differ-
ent compared to the oligonucleotides that fully match the DNA for
mutations 1282 and 508, respectively (Fig. 4b). As a control for the
quality of our algorithm, we ran the same DNA on several lanes in
one gel, and quantified them expecting to find very minor differ-
ences if any. Indeed, the difference between the bands of the same
untreated DNA was on average only 3.5%, with a very small standard
error (Fig. 2b, “same band”), indicating that our algorithm is valid.

3. Discussion

Here we  study the interactions between DNA and gold nanopar-
ticles. We  find that heating a DNA-nanoparticles solution results
in DNA degradation. Remarkably, the presence of matching short
oligonucleotides (22 base pairs) rescues the long DNA plasmids
(over 2000 base pairs). We  used this phenomenon to success-
fully detect single nucleotide mutations including two  of the
most common mutations leading to Cystic Fibrosis. Several meth-
ods use nanoparticles to detect mutations [13–18]. Essentially,
nanoparticles carry a negative charge preventing aggregation. High
concentrations of salt or low pH mask the charge, thereby caus-
ing nanoparticle aggregation, resulting in a colorimetric change. In
these methods the oligonucleotides are attached to the nanopar-
ticles and mixed with a target DNA. If the DNA matches the
oligonucleotides, it hybridizes with the oligonucleotides and aggre-
gation is prevented. If the target DNA is mutated, binding is less
efficient and nanoparticle aggregation occurs. In our approach the
nanoparticles and the oligonucleotides are not attached.

A possible mechanism to explain our results is based on the
previous finding that single stranded (ss) DNA attaches to nanopar-
ticles with a much higher affinity compared to double stranded
(ds) DNA [14]. dsDNA is restricted to a double helix structure with
negatively charged phosphate groups exposed on the surface, and
is repulsed by the negative nanoparticles. In ssDNA, the nega-
tive charge on the backbone is sufficiently distant to cause it to
stick to the nanoparticles. In our setup, it is plausible that there
is competition between binding of oligonucleotides-nanoparticles,
and plasmid-nanoparticles (plasmid is naturally ds but becomes
ss during heating). If the oligonucleotides match the plasmid,
they bind each other and not the nanoparticles, and the plas-
mid  remains intact. If the oligonucleotides do not fully match the
plasmid, the denatured plasmid can adsorb to the nanoparticles
degrade.

The novel phenomenon we  have discovered has applicable
aspects for detection of known mutations, i.e. each sample should
be tested with a matching and unmatching oligo, and compared
to known WT and sick controls. Therefore, this method has the
potential to be adapted for future diagnostic applications.

4. Methods

4.1. Nanoparticles
The gold nanoparticles used were NexusBeadsTM, 5 nm diam-
eter, coated with neutravidin, purchased from BBInternational
(Cardiff, UK). Approximately 1013 nanoparticles (5 �l) were used
for each reaction.
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.2. DNA plasmids

pUC19 was purchased from Invitrogen. pCFmut was designed
n our lab and synthesized by Hy-labs. The core of the plasmid is
UC57-Amp, and it includes a ∼400 nucleotide insert containing
wo of the most common mutations leading to the disease Cystic
ibrosis. Full sequence is available upon request. The mutations are
elF508 (deletion of three base pairs leads to deletion of phenylala-
ine at codon 508), and H1282X (G-to-A change in nucleotide 3978
hat is responsible for a stop mutation in codon 1282). Our pCFmut
lasmid contains the mutated alleles, not the WT.  2 �g of DNA was
sed for each reaction.

.3. Oligonucleotides

DNA oligonucleotides were synthesized by Hy-labs. Fig. 1: oligo
 is the commercial T7 oligo, and does not match the DNA plasmid
t all. Oligo 35 fully matches the DNA plasmid. Fig. 2: in oligo 36,
he first 21 nucleotides match the DNA plasmid, and the last one
oes not match. Fig. 4: oligos 97 and 98 correspond to the delF508
utation (97 corresponds to the mutated allele, 98 corresponds

o the WT  allele). Oligos 107 and 108 correspond to the H1282X
utation (107 corresponds to the mutated allele, 108 corresponds

o the WT  allele). 30 pmol of oligonucleotide were used for each
eaction.

.4. Oligonucleotide sequences

Oligo number Oligo sequence

9 5′-TAATACGACTCACTATAGGG-3′

35 5′-CAGGAAACAGCTATGACCATGA-3′

36 5′-CAGGAAACAGCTATGACCATGT-3′

97 5′-AAATATCATCGGTGTTTCCTAT-3′

98 5′-AATATCATCTTTGGTGTTTCCT-3′

107 5′-AAGGAAAGCCTTTGGAGTGATA-3′

108 5′-GAGGAAAGCCTTTGGAGTGATA-3′

.5. DNA cleanup kit

In order to remove the nanoparticles from the mixture before
unning the plasmid in an agarose gel, the “Wizard® SV Gel and
CR Clean-Up System” (Promega) was used. This step was critical,
ince the nanoparticles carry a net negative charge and therefore
end to run in agarose gels in the same direction as DNA, and mask
he DNA.

.6. Gel separation

Separation of the DNA was done using 1% agarose gel, for 30 min
t 100 V. Staining was done with ethidium bromide.

.7. Densitometry and band quantification

Densitometry was done using imageJ software. For band quan-
ification in Fig. 4, our processing algorithm is based on comparing

he histograms of the various images obtained from running our
NA through the gel. Each column in the experimentally obtained

mages is treated as 1-D signal. For each such signal the spectrogram
s computed as follows:

[

[

[

cal Macromolecules 59 (2013) 134– 137 137

Spectrogram[m, k] = SG[m, k] =
∣∣DSTFT[m, k]

∣∣2
= |
∑

n
s[n]w[n − m]  exp

(−2�ikn

N

)2

(1)

where DSTFT is the discrete short time Fourier transform, s[n] is
our signal, and w[n] is the sliding window applying the Fourier
transform each time on another segment of the inspected 1-D signal
s[n]. N is the number of pixels in the inspected 1-D signal s[n].

After computing the histograms of the various signals we sub-
tract their DC component, normalize their energy, and compare
them by computing the correlation coefficient that is defined as:

CSG1,SG2 =
∑

m

∑
k

(
SG1[m, k] − SG1√

ESG1

)(
SG2[m,  k] − SG2√

ESG2

)∗

ESGj
=∑ ∑∣∣SGj[m, k] − SGj

∣∣2 j = 1, 2

SGj =∑ ∑
SGj[m, k] j = 1, 2

(2)

where ESGj is the normalizing energy for spectrogram SGj and is its
DC. CSG1,SG2 is the correlation coefficient obtained when comparing
spectrogram SG1 with spectrogram SG2. Due to the energy normal-
ization auto correlation coefficient (comparison of the spectrogram
with itself) will give the value of 1 (100%), while cross comparison
should give lower values. In the spectrogram we  enhanced the band
pass frequencies while attenuated the low frequencies of the signal.
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