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using peptide nucleic acid and unmodified gold
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Colorectal cancer (CRC) is among the most commonly diagnosed cancers worldwide. Point mutations on

the Kisten rat sarcoma viral oncogene homologue (KRAS) have been identified as a crucial diagnostic and

prognostic biomarker for response to cancer therapy targeting the epidermal growth factor receptor. A

rapid label-free colorimetric assay for detection of point mutations in codon 12 and 13 of the KRAS gene

using peptide nucleic acid (PNA) and unmodified gold nanoparticles (AuNPs) was presented in this study.

Charge neutral PNA induces the AuNPs aggregation in the absence of complementary DNA; when the

complementary DNA is present, PNA–DNA hybridization retains the dispersion of AuNPs as the negative

charges of the DNA strand adsorbed on the AuNPs surface ensure sufficient charge repulsion. Based on

this principle, the developed assay was able to detect the specific sequence in the presence of at least

20 times the amount of interference oligonucleotides, and the limit of detection was low as DNA/PNA

ratio of 0.02. The PNA induced colorimetric changes in the presence of the complementary DNA at

different ratios of DNA/PNA yielded a standard curve with a linear coefficient of R2 ¼ 0.9371.

Furthermore, this assay was validated in order that it could be used to detect the seven known mutant

alleles in codon 12 and 13 of the KRAS gene by the naked eye with higher concentration of PNA. This

simple colorimetric assay is rapid, sensitive and easily performed at room temperature without additional

stringent conditions, which promises the method great potential utility for clinical sample screening and

point-of-care testing.
1. Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed
cancer in males and the second in females. According to WHO
statistics, there were estimated over 1.2 million new CRC cases
and 608 700 deaths as a result in 2008 worldwide.1 The Kisten
rat sarcoma viral oncogene homologue (KRAS) gene is a known
downstream signaling molecule in the epidermal growth factor
receptor (EFGR) signalling pathway. It has been shown that
patients exhibiting KRAS mutations do not benet from anti-
EGFR treatment.2 Mutations in KRAS are found in approxi-
mately 30% of adenocarcinoma, principally in codon 12 and 13,
making it one of the most commonly mutated genes in cancer.3

As the monoclonal antibody inhibitors of EGFR treatment are
toxic and expensive, KRAS mutation status detection in CRC
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patients has become a crucial diagnostic factor for clinical
decisions and designs for future therapy.

Traditional detection of gene mutations is usually by the
direct sequencing method, which is still considered as the gold
standard.4 However, the direct sequencing method is too
complex, time-consuming, and expensive for routine prether-
apeutic screening programs.5,6 Furthermore, the direct
sequencing method usually requires a percentage of more than
50% tumour cells and the threshold of detection is around 25%
of mutant DNA in the total genetic content.7,8 With the devel-
opment of mutation-detection techniques over the last decade,
many methods have been reported for detection of KRAS
mutations. These techniques are based on molecular ampli-
cation-related,9–11 sequence-related,12 high resolution melting
analysis,13 and other methodologies.14 Some techniques have
been proven to bemore accurate and sensitive than the previous
direct sequencing method, but most of them are still time-
consuming, complicated, of high cost and unsuitable for
routine clinical screening and resource-limited settings. Moti-
vated by these prospects, we investigated a simple, fast, low-cost
and high sensitive method for KRAS mutation detection.

Colorimetric assays based on metallic nanoparticles have
obtained signicant attention due to the advantages of fast
response, room temperature operation, simple performance,
This journal is © The Royal Society of Chemistry 2017
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cost-effectiveness and high sensitivity. The controlled aggrega-
tion and disaggregation of gold nanoparticles (AuNPs) has been
a subject of great interest over the past decade due to their
simplicity and versatility in diagnostic applications. The AuNP-
based colorimetric biosensor, which takes advantage of the
colour change that arises from the interparticle plasmon
coupling during AuNP aggregation (red to purple or blue) or
redispersion of an AuNP aggregate (purple to red), has been
developed for detection of a wide range of analytes.15

More recently, the mutation-sensitive hybridisation prole
of peptide nucleic acids (PNAs) has been exploited to develop
novel detection methods for single nucleotide poly-
morphisms.16,17 PNA is a synthetic DNA analog in which the
phosphodiester backbone is replaced by a peptide-like repeat
formed by (2-aminoethyl)-glycine units. Since PNA contains no
charged phosphate groups, the binding between PNA/DNA has
a higher thermal stability compared to complementary nucleic
acids than DNA and RNA. Meanwhile, the PNA/DNA duplex is
signicantly destabilized in the presence of a single-base
mismatch.18 The use of PNA-induced aggregation of gold
nanoparticle has been described by Chakrabarti and Klibanov.19

The PNA–AuNPs conjugates were further used to develop
a novel colorimetric DNA assay that detected the presence of
single base imperfections within minutes due to colloidal
stability upon DNA hybridization.20

In this study, we report a novel label-free colorimetric
method for rapid detection of KRAS mutations using unmodi-
ed AuNPs induced aggregation by PNA.
2. Materials and methods
2.1 Reagents

All the chemicals used in the study were analytical grade
without further purication. HAuCl4$3H2O (99.99%) was ob-
tained from Alfa Aesar (MA, U.S.A.). Trisodium citrate dihydrate
(99.9%) was obtained from Aldrich and NaBH4 from Fluka.
Double distilled water (18.2 MU) was used in all solutions with
a Milli-Q system (Millipore, Bedford, MA, USA), unless other-
wise stated. The PNA oligomers were synthesized by solid phase
synthesis from Panagene Corporation (Daejeon, South Korea).
Oligonucleotides were synthesized by Purigo Biotech (Taipei,
Taiwan) and were further puried by HPLC.

The PNA probe (17 mer) and their target DNA of fully
complementary sequence (DNAcomp), non-complementary
sequence (DNAnc), and seven mutant alleles in codon 12 and
13 of the KRAS gene sequences (from m1 to m7) are shown in
Table S1 (ESI†).
2.2 Preparation of AuNPs

The AuNPs were synthesized using a standard citrate method.21

Typically, a 100 mL aqueous solution of HAuCl4 (41 mg, 1.0
mM) was heated with continuous stirring until the solution
started boiling, aer which 10 mL of trisodium citrate (114 mg,
38.8 mM) solution was quickly added to the boiling solution.
This solution was further heated for an additional 10 min and
then cooled to room temperature with continuous stirring until
This journal is © The Royal Society of Chemistry 2017
a brick-red wine colour appeared. Finally, the resulting solution
was ltered and stored at 4 �C until further used. The average
diameter of AuNPs was approximately 13 nm, as determined
with a particle size analyser; the corresponding absorption band
was approximately 520 nm.
2.3 Colorimetric assay procedure

PNA was allowed to hybridize to the target oligonucleotide (full
complementary, non-complementary or single base mutations)
in 10 mM phosphate buffer (pH 7.2) containing 0.1 mM EDTA
and 50 mM NaCl. The AuNP solution was added to give a nal
volume of 100 mL, the colour and absorption spectrum were
observed aer 5 min at room temperature. To improve the
colour discrimination and to detect and distinguish the single
base mutations, higher salt concentrations were added to
accelerate the aggregation, and the nal concentration of
100 mM NaCl was determined to be appropriate. The colour
changes of the solutions were recorded using a camera. The
absorption spectra of test solutions were recorded using a Var-
ian Cary 50 spectrometer with a wavelength range from 400 to
800 nm.
3. Results and discussion
3.1 Detection of the presence of a specic DNA sequence

Typically, free PNA probes induce aggregation in unmodied
metallic nanoparticles and lead to colour changes. However,
PNA hybridization with the complementary oligonucleotide
forms PNA–DNAcomp complex, which retains the stability of
colloidal AuNP solutions, thereby preventing a change in
colour. This concept is based on the fact that the aggregation of
the AuNPs protected by citrate anions occurs immediately in the
presence of charge neutral PNA and is retarded when a DNA-
comp is present to form a PNA–DNAcomp complex, but not
a DNAnc that forms PNA/DNAnc mixture22 (Scheme S1, ESI†).
The concentration of PNA was optimized to induce the aggre-
gation with a xed amount of AuNPs. For observed visual
changes, 1 mMPNA was found to be sufficient in a 100 mL AuNPs
test solution. The 1 mM PNA concentration was used in later
assays.

As shown in Fig. S1 (ESI†), when PNA is added, the brick-red
wine colour of the untreated AuNP solution (Fig. S1A†) changes
to dark purple (Fig. S1A and B†), accompanied with a shi of the
adsorption peak to 640 nm. With the distinct backbone prop-
erties of PNA (neutrality, high rigidity and peptide composi-
tion), PNA base monomers interact more strongly with AuNPs
than the corresponding nucleobases.23 There is no charge
repulsion between the charge neutral PNA and the citrate
anions-protected AuNPs, therefore causing AuNPs aggregation.
The degree of aggregation depends on the concentration and
length of PNA. A shorter length of PNA aggregates the AuNPs
more effectively than a longer one at any certain
concentration.24

When the PNA–DNAcomp complex (Fig. S1A and C†) is
added, the AuNPs solution retains the brick-red wine colour.
This is because the adsorption of the PNA–DNAcomp complex
RSC Adv., 2017, 7, 48554–48560 | 48555
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on the AuNPs surface, with which the negative phosphate
backbone of the DNA strands ensure sufficient charge repul-
sion, maintains the AuNPs dispersion.20 In contrast, when the
solution contains a mixture of PNA and DNAnc (Fig. S1A and
D†), the AuNPs solution changes to purple and increases
adsorption at longer wavelengths. It is well known that salt
induces aggregation of gold nanoparticles. In this study,
100 mM NaCl can accelerate the aggregation of the AuNPs
solutions except with the DNAcomp (Fig. S1B and C0†), in
contrast, the AuNPs solution containing DNAnc (Fig. S1B and
D0†) changes to purple indicating that the AuNPs aggregation
occurred obviously aer NaCl was added. Therefore, NaCl is
added to accelerate the AuNPs aggregation for improving the
selectivity of single-base-mismatch discrimination.
3.2 Selectivity of the AuNPs-based assay

The colorimetric assay was used to detect the different
concentrations of DNAnc (0, 1, 2, 5, 10 and 20 times the PNA
concentration) in AuNPs solution aggregation by PNA probe
with or without the complementary DNA.

As shown in Fig. 1, the AuNPs aggregation induced by PNA is
gradually reduced with an increase in concentration of DNAnc
(Fig. 1(A), A–F), indicating that higher concentration of DNAnc
would tend to protect AuNPs aggregation by competing with
PNA to encompass the surface of AuNPs. However, the AuNPs
Fig. 1 Selectivity of the colorimetric assay using PNA-induced AuNPs agg
solutions (A–G) containing 100 pmol PNA in the presence of DNAnc of 0
mL volume. Photographs of (A0–G0) are solutions (A–G) containing 0.1 M

48556 | RSC Adv., 2017, 7, 48554–48560
aggregation could still be detected by UV spectrum measure-
ment even at 20 times the concentration of DNAnc (Fig. 1(B), F),
compared to the stable colloidal as the equivalent DNAcomp
present (Fig. 1(B), G). This result indicated that the full match
DNA could be detected in the present of at least of 20 times the
concentration of interference oligonucleotides. The 0.1 M NaCl
acceleration of the AuNPs aggregation with different concen-
trations of DNAnc (Fig. 1(A), A0–F0) were obviously observed, but
not observed when the DNAcomp was also present in the
solution (Fig. 1(A), G0). This result indicated that 0.1 M NaCl
could enhance the selectivity of DNAcomp detection in high
concentrations of interference oligonucleotides by the naked
eye. The high selectivity of this colorimetric assay will be of
benet to detection against the complex background of clinical
samples, which may include primers, nonspecic amplicons,
and oligomer fragments, especially in cancer-related tissue
treatment.25
3.3 Sensitivity of the AuNPs-based assay

To estimate the sensitivity of this colorimetric assay for quan-
titative complementary DNA to the PNA probe, the DNAcomp
was mixed with the xed PNA concentration at ratios of 0, 0.02,
0.05, 0.08, 0.1, 0.2, 0.5 and 1.0 for hybridization prior to addi-
tion to the AuNPs solution. As shown in Fig. 2(A), the degree of
AuNPs aggregation gradually increases with a decrease in the
regation. Photographs and corresponding adsorption spectra of AuNPs
, 1, 2, 5, 10 and 20 mMwith (G) or without (A–F) DNAcomp (1 mM) in 100
NaCl (the corresponding spectra are not shown).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Sensitivity of the AuNPs-based assay. Photographs and corresponding adsorption spectra of AuNPs solutions containing 100 pmol PNA
with different amounts of full complementary oligonucleotides at DNA/PNA ration of 0, 0.02, 0.05, 0.08, 0.1, 0.2, 0.5 and 1 in 100 mL volume. (A)
Visual colour changes at different DNA/PNA rations; (B) absorbance spectra of AuNP solutions at different DNA/PNA rations; (C) plot of OD640
nm/OD520 nm ratio versus DNA/PNA ration with linear correlation of R2 ¼ 0.9371.
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concentration of DNAcomp. The reason is that the less PNA–
DNAcomp complex present, the less charge repulsion occurs
due to the more charge neutral PNA probes, resulting in an
increase in AuNPs aggregation. In the corresponding UV
adsorption spectra of Fig. 2(B), a gradual decrease in the
absorbance at about 520 nm is seen as the solution containing
decreased amounts of PNA–DNAcomp complex indicates
a gradual decrease in the popularity of the dispersed AuNPs.
From the photographs, there is an obvious difference between
untreated AuNPs solution at a DNA/PNA ratio of 0 (deep blue,
Fig. 2(A), A) and the PNA–DNAcomp complex at a DNA/PNA ratio
This journal is © The Royal Society of Chemistry 2017
of 0.1 (deep purple, Fig. 2(A), E). However, according to the UV
adsorption spectra, the absorption of the AuNPs solution at
a DNA/PNA ratio of 0.02 (Fig. 2(A), B) is well distinguishable
from that with PNA alone (Fig. 2(B)). The absorbance of AuNPs
at the DNA/PNA ratio of 0.02 is shown by the second peak at
about 640 nm, indicated by the popularity of AuNPs aggrega-
tion, which is still distinguishable from the AuNPs solution with
PNA alone.

In the present study, the limit of detection by the spectrum at
a DNA/PNA ratio of 0.02 and by the naked eye at a ratio of 0.1 are
lower than those previously published by Rho et al.26 (ratio 0.5),
RSC Adv., 2017, 7, 48554–48560 | 48557
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Fig. 3 Colorimetric detection of seven known variants of KRAS condon 12 and 13 mutant allele using AuNPs-based assay. The AuNPs solutions
visual color changes (A) containing 100 pmol PNA (B) or 150 pmol PNA (C) with 1 mM target DNA of G129A (m1), G129C (m2), G129T (m3), G130A
(m4), G130C (m5), G130T (m6), G131T (m7), DNAnc (nc), DNAcomp (comp) in 100 mL volume.

48558 | RSC Adv., 2017, 7, 48554–48560 This journal is © The Royal Society of Chemistry 2017
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Li et al.27 (ratio 0.2) and Kanjanawarut et al.20 (ratio 0.05), who
used unmodied AuNPs for quantication assays of ssDNA and
dsDNA. As Kanjanawarut reported,20 single-base-mismatch
discrimination was difficult for hybridization with longer
probes. In addition to the higher affinity of PNA–DNA hybrid-
ization than DNA–DNA, the shorter length of PNA (17 mer) in
this study also contributes to the lower complementary DNA
detection limit.

In the presence of free PNA, the 520 nm peak of each solu-
tion experienced a concomitant decrease and was followed by
the inception of a new peak at approximately 640 nm. These
difference spectra of each solution were useful for choosing the
wavelength peak to use as a ratio of absorbance values at 640–
520 nm. This analogy can be applied to design a visual colori-
metric assay for the quantication of the target.28 As shown in
Fig. 2(C), a plot of these values against the different concen-
trations of the complementary oligonucleotides yielded high
values of linear correlation (R2 ¼ 0.9371), which could be used
for quantication of complementary DNA to the PNA probe.
3.4 Colorimetric detection of seven KRAS mutant alleles by
AuNPs-based assay using PNA-induced AuNPs aggregation

The PNA hybridization with its complementary DNAcomp can
abolish PNA-induced AuNPs aggregation. When a single-base-
mismatch occurs in the complementary DNA sequence, the
hybridization efficiency will reduce and cause free PNA in
solution to induce AuNPs aggregation.24

This assay was engineered to detect the seven known mutant
alleles of KRAS codon 12 and 13. As shown in Fig. 3(B), the
absorption of the AuNPs containing PNA annealed with seven
KRAS mutants increased at longer wavelengths around 640 nm
because free PNA induced AuNPs aggregation increased the
absorption at longer wavelengths. The seven KRAS mutants
increased absorption ratio, A640, by 129.26% (m1), 37.19%
(m2), 54.61% (m3), 35.43% (m4), 24.90% (m5), 40.99% (m6),
122.40% (m7), respectively, relative to those with complemen-
tary DNAcomp. The spectra shis of these seven KRAS mutants
were signicant compared to the variation of A640 measure-
ment for AuNPs (1.01%). The assay results demonstrated the
seven known mutant alleles of KRAS codon 12 and 13 could be
detected using UV spectrum by PNA-induced AuNPs
aggregation.

However, it was not easy to distinguish the single-base-
mismatch by the naked eye in the presence of 100 pmol PNA,
as shown in Fig. 3(A). Aer optimization of the ratio of PNA/
DNAcomp, it was found that seven known mutant alleles of
KRAS codon 12 and 13 could be visibly detected by the naked
eye in the presence of 150 pmol PNA in 100 mL. From Fig. 3(A),
the AuNPs containing single-base-mismatch targets changed to
a purple-blue colour and DNAcomp changed to brick-red wine
colour with light purple. From Fig. 3(C), the absorption of seven
KRAS mutants increased obviously at longer absorption wave-
lengths, which veried the colour changes. All the results were
validated by triplicate experiments.

It is more difficult to perform detection of single-base-
mismatch in longer sequences because the alternative role of
This journal is © The Royal Society of Chemistry 2017
one base mismatch to the affinity of hybridization is reduced.29

In this study, the length of 17 mer sequence was used to detect
seven known mutant alleles of KRAS codon 12 and 13.
Compared with the surface plasmon resonance29 and electro-
chemical sensors30 for single-base-mismatch discrimination,
which rely on expensive equipment, stringent conditions and
complex experimental processes, this assay with the optimiza-
tion of the ratio of PNA/DNA can be performed easily by the
naked eye at room temperature in resource-limit areas.

Gold nanoparticles with controlled geometrical, optical, and
surface chemical properties are suitable for several biological
and biomedical applications.31 With the development of
synthetic chemistry, gold nanoparticles can be made with
precise control over physicochemical and optical properties that
are desired for specic biological and clinical applications. For
example, when the size of the AuNPs was reduced to the Au
nanoclusters (AuNCs, typically less than 2 nm) range through
size control, AuNCs exhibited an enhanced and wide-spectrum
antimicrobial activity, which would allow them to better
interact with bacteria.32 AuNPs have been successfully employed
in genomics and biosensorics, immunoassays and clinical
chemistry, cancer radiotherapy, targeted delivery of drugs and
antigens, and optical bioimaging of cells and tissues with state-
of-the-art nanophotonic detection systems.33,34

4. Conclusion

In the present study, the unmodied AuNPs aggregation
behaviour induced by a PNA probe was manipulated by its
complementation with target oligonucleotides for detection of
single-base-mismatch. This colorimetric assay was validated in
order that it could be used to detect the seven known mutant
alleles in codon 12 and 13 of the KRAS gene, which could
provide clinical benets for CRC patients to help predict the
efficacy of anti-EGFR treatment. This simple colorimetric assay
is robust and offered advantages in terms of rapidity, simplicity,
direct visualization of result by the naked eye without additional
stringent conditions and advanced instrumentation, and with
great potential utility for clinical sample screening and point-of-
care testing. However, it could be expected that this colorimetric
assay could be further improved in terms of the sensitivity by
introducing an enhancement step and clinical sample prepa-
ration, which might benet the direct colorimetric assay of
clinical genomic DNA samples without an amplication step, as
also demonstrated by other authors on array hybridization.
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