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A B S T R A C T

Rapid and sensitive single nucleotide polymorphisms (SNPs) genotyping is of particular important for early
diagnosis, prevention, and treatment of specific human diseases. A simple and low-cost SNP detection method
would be valuable for routine analysis in resource-limited settings. Here, we demonstrated a novel and con-
venient gold nanoparticle (AuNPs) based colorimetric approach for efficient screening of SNPs at room tem-
perature without instrumentation. SNP detection is performed in a single tube with one set of unmodified
AuNPs, a label-free peptide nucleic acid (PNA) probe, a single exonuclease (S1 nuclease), and the target to be
tested. S1 nuclease could digest DNAs in DNA/PNA duplexes involving a mismatch into small fragments, while
DNAs in the fully-matched DNA/PNA duplexes can be effectively protected by PNA from enzymatic degradation.
This difference could be easily discriminated by color changes associated with gold aggregation. PNA oligomers
can induce immediate AuNP aggregation even in the presence of nucleoside monophosphates (dNMPs), the
digestion products of DNA. Whereas PNA/DNA duplexes can effectively stabilize unmodified AuNPs, and the
stabilization effect of PNA/DNA is better than single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA).
Without the need of precise temperature control and extra salt addition, SNPs are detected with a detection limit
of 2.3 nM in cell lysate. Moreover, this system can effectively discriminate a range of different mismatches even
in spiked cell lysate, demonstrate the potential use of this biosensor for biological samples.

1. Introduction

Single nucleotide polymorphisms (SNPs), the most common form of
genetic variation present among individuals, occur as frequently as
every few hundred to few thousand base pairs in the human genome [1]
and information from SNPs is of great importance for heredity-related
risk assessment, early diagnosis, drug discovery, forensics, agriculture
and so on [2]. Currently, numerous SNP detection methods have been
developed, including traditional gel electrophoresis-based methods [3],
sequencing [4], microarray technology [5], mass spectrometry [6],
TaqMan assays [7] and methods using enzymatic reactions [8]. How-
ever, these approaches suffer from low sensitivity or poor specificity at
room temperature and effective SNP discrimination usually requires the
use of specialized equipment, trained personnel or high-stringency

conditions with precise temperature control. Additionally, the time,
expense and complexity of these methods are of impractical for small
hospitals or developing world settings. Therefore, a method which
fulfills versatile requirements (cheapness, easiness, promptness, pre-
ciseness, room-temperature assays and others) would be valuable for
routine analysis in resource-limited settings.

Gold nanoparticles (AuNPs) are widely used for chemical and bio-
logical detection [9] because of their high extinction coefficients [10],
strong size- and distance-dependent optical properties [11], high
quenching efficiency toward various fluorophores [12], easy im-
mobilization of various functional molecules [13], or their capability of
further amplification by silver stain [14]. AuNPs-based colorimetric
SNP detection methods have attracted a lot of attention due to their
visibility and low-cost. The response of AuNPs to light is strongly
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influenced by their environment, size and physical dimensions. The
resulting color change would be so distinct that it is readily visible to
the eye by changing size, shape, interparticle plasmon coupling, surface
chemistry or aggregation state of AuNPs [15]. Mirkin and his colleagues
were the first to report an AuNP-based SNP detection strategy, which
relies on hybridization-driven AuNP aggregation. In this assay, two sets
of DNA-modified AuNPs were cross-linked via target hybridization, and
a single-base mismatch was directly observed on a C18 thin-layer
chromatography plate at 58 °C [11]. To improve the sensitivity and/or
specificity, subsequently developed AuNP-based SNP detection plat-
forms involved target recycling or target amplification by the use of
ligation reaction [16,17], nicking endonucleases [18], primer extension
reaction [19], rolling circle amplification [20] and so on. For example,
Xiao and his colleagues reported an Exo III-assisted target recycling SNP
detection method. In this assay, thiolated DNA containing two abasic
site were specially designed. Apurinic endonucleolytic activity of Exo III
at mismatched site was significantly inhibited and solution remained
red due to insufficient shear of DNA on AuNPs surface. In contrast, for
perfectly matched target, AuNPs were stepwise sheared to change blue
in high-salt buffer and target was released to start a new cycle [21].
However, these methods as described above need labeled probes and
time consuming preparation of modified AuNPs (20–40 h of assembly).
To overcome these shortcomings, label-free detection methods that uses
unmodified probes and unmodified AuNPs have been developed
[22,23]. These method is based on the finding that the adsorption of
ssDNA on unmodified AuNPs could effectively stabilize the colloid
against salt-induced aggregation, but the precise temperature control
and the relatively poor specificity and detection limits were still critical
for the method. To improve the specificity of the unmodified-AuNP
based methods for single-base mismatch detections, a label-free col-
orimetric assay for single-base mismatches has been reported by the
combination of unmodified AuNPs and structure-selective nucleases
[24]. The method is based on the stabilization effect of dNMPs to un-
modified AuNPs, which is better than ssDNA and dsDNA, and the high
mismatch discrimination capability of nucleases. It eliminates the need
of target modification, precise temperature control or stringent washes.
However, the use of biodegradable DNA probe and extra steps of salt
addition make it inconvenient to carry and complicated to operate.

Peptide nucleic acids (PNAs) are man-made DNA/RNA analogues in
which the entire sugar-phosphate backbone is replaced by a neutral
polyamide backbone [25]. Distinct backbone properties (uncharged,
high rigidity, non-nature) endow PNA with exceptional chemical,
physical and biological properties such as higher binding affinity, better
specificity and excellent biological stability, which enables PNA to be
an important supplement of DNA in many applications [26–32]. For
example, PNA could induce immediate aggregation of citrate ion-
coated AuNPs and silver nanoparticles (AgNPs), while PNA/DNA
complexes can effectively protect the particles from salt induced ag-
gregation [33]. By taking advantage of this property, Su and his col-
leagues reported a colorimetric method for DNA detection [34].
Moreover, the hybridization of PNA with a complementary RNA could
also disrupt the PNA-induced metallic nanoparticle aggregation, which
is used to construct colorimetric assays for the detection and quantifi-
cation of RNAs [35–37]. Given this and the limitations of the above
mentioned SNP detection methods, a label-free method using PNA and
unmodified AuNPs for rapid and specific assaying nucleic acids is still
attractive and necessary. However, until now, there is no such a method
reported, even though it is important.

Herein we present a simple platform that enables rapid, label-free,
naked-eye detection of SNPs with minimal reagent and equipment re-
quirements at room temperature. SNP detection is performed in a single
tube with one set of unmodified AuNPs, a label-free PNA probe, a single
exonuclease (S1 nuclease), and the target to be tested. We demon-
strated that this proposed method was highly effective for the detection
of single-base mismatches, without the need of precise temperature
control and extra salt addition, as well as other inherited advantages of

label-free AuNP-based colorimetric assays.

2. Experimental section

2.1. Materials and reagents

Fmoc protected PNA monomers were purchased from PANAGENE
Inc. (Korea). Methyl-benzhydrylamine (MBHA) resin was purchased
from CSBio Ltd (USA). The PNAs were manually prepared by the solid-
phase peptide synthesis method as we reported previously [28]. The
PNAs were purified by a reverse-phase HPLC column (Agilent Eclipse
XDB-C18) and verified by mass analysis (see Fig. S1). The concentration
of PNAs was measured at 260 nm. DNA oligonucleotides were synthe-
sized and purified by Jie Li Biology Inc. (China). All PNA and DNA
sequences used in this study were listed in Electronic Supplementary
material Table S1. HAuCl4·3H2O (99.9%), AgNO3 (99.8%), trisodium
citrate dihydrate (99.5%), and NaBH4 (98%) were purchased from Si-
nopharm Chemical Reagent Co. Ltd. (Shanghai, China). S1 enzyme was
purchased from Thermo Fisher Scientific Inc. (USA) and the nuclease
was stored on ice prior to use. Human non-small cell lung cancer (NCI-
H1299) cell was purchased from the cell bank of the Chinese Academy
of Sciences (Shanghai, China). The RPMI 1640 medium and FBS were
purchased from Thermo Scientific (USA). RIPA lysis buffer was pur-
chased from Beyotime Biotech (China). All other regents were pur-
chased from Aladdin (China). Ultrapure water (18MΩ) was generated
from a Millipore (Merck) Milli-Q water system.

2.2. Preparation of gold and silver nanoparticles

Citrate-stabilized AuNPs were prepared by thermal reduction of
HAuCl4 with sodium citrate. Citrate-stabilized AgNPs were synthesized
by the reduction of silver nitrate using sodium borohydride. Prior to
nanoparticles preparation, all glassware was thoroughly cleaned with
freshly prepared aquaregia (3:1 HCl/HNO3). The quality of the particles
was monitored using UV–vis spectrophotometer and transmission
electron micrographs (TEM) (Fig. S2). The concentrations of the AuNPs
[38] and AgNPs [39,40] were calculated according to Beer’s laws using
their extinction coefficients. The solution was stored at 4 °C before use.

2.2.1. Preparation of AuNPs
Citrate-stabilized AuNPs with a diameter of ˜13 nm were prepared

using a standard protocol [41]. Briefly, 50ml HAuCl4 solution (1mM)
was heated with continuous stirring until the solution started boiling
and refluxed for 10min. Then, 5ml trisodium citrate solution
(38.8 mM) was quickly added to the boiling solution. The solution was
kept boiling and stirred for an additional 15min after a brick-red wine
color appeared. Then, the boiling was stopped and the solution was
slowly cooled down to room temperature. In addition, AuNPs with a
diameter of 25 ± 3 nm were also synthesized by this method with the
use of 50mL of 0.25mM HAuCl4 and 1.5mL of 38.8mM trisodium
citrate.

2.2.2. Preparation of AgNPs
Citrate-stabilized AgNPs with a diameter of ˜16 nm were prepared

via a previously reported method [42]. Briefly, 125 μL of 100mM
AgNO3 and 125 μL of 100mM trisodium citrate were added into 50mL
of water under stirring. Then 3mL of freshly prepared 5mM NaBH4 was
added into the above aqueous solution under vigorous stirring. The
resulting yellow colloidal silver solution was further stirred for 30min
and then was left undisturbed overnight.

2.3. Detection of single-base mismatches using S1 nuclease

PNA (8.33 μM) and equimolar fully-matched DNA target or single-
base mismatched targets were mixed in 6 μL buffer solution containing
20mM NaCl buffer. The mixture was kept at room temperature for
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10min, followed by adding 1 μL of solution containing 80mM
CH3CO2Na, 600mM NaCl, and 4mM ZnSO4, pH 4.6 and 1 μL of solu-
tion containing various concentrations of S1 nuclease. The mixture was
incubated at 25 °C for a predetermined time. After enzymatic digestion
the reaction products were immediately mixed with 42 μL of AuNP or
AgNP solution (10 nM). Photographs were taken by use of a digital
camera after 15min ˜ 1 h following adding AuNPs or AgNPs solution.
UV/vis absorption spectra were recorded using an Agilent (USA) Cary
300 Bio UV/vis spectrophotometer or a Molecular Devices (USA)
SpectraMax 190 microplate reader. Similar protocol was performed for
the single-base mismatch detection of targets in NCI-H1299 cell lysate.

To validate this SNPs assay, single-base mismatch detection was also
performed by using a same sequence DNA probe instead of the PNA
probe under the same conditions as described previously [24].

2.4. Preparation of cell lysate

NCI-H1299 cells were trypsinized and collected by centrifugation at
2400 rpm for 5min at 4 °C, the supernatant was discarded and the cells
were washed with PBS buffer. Then the cells were centrifuged again to
remove the supernatant at 2400 rpm for 5min at 4 °C. After cen-
trifugation, the cells were suspended in RIPA lysis buffer at a con-
centration of 106 cell/mL and kept on ice for 40min. Finally, the lysis
products were centrifuged at 12,000 rpm for 30min at 4 °C, the su-
pernatant was collected and stored in−20 °C. To prepare the cell lysate
samples, PNA/fully-matched or single-base mismatched target com-
plexes were diluted in 10% NCI-H1299 cell lysate for SNPs detection.

2.5. Gel electrophoresis

PNA (8.33 μM) and equimolar fully-matched DNA target (FM) or
single base-mismatched DNA target (1MM) were mixed in 6 μL buffer
solution containing 20mM NaCl buffer. The mixture was kept at room
temperature for 10min, followed by adding 1 μL of solution containing
80mM CH3COONa, 600mM NaCl, and 4mM ZnSO4, pH 4.6 and 1 μL of
solution containing 5.6 U/μL S1 nuclease. The mixture was incubated at
25 °C for 30min. After enzymatic digestion the reaction products were
run on a 10% polyacrylamide gel under denaturing conditions and
stained with GelRed for 15–30min. The gel was imaged for further
analysis using a Tanon 2500 imaging system.

3. Results and discussion

3.1. Assay principle

The principle of the proposed single-base mismatch detection
method is illustrated in Scheme 1. A 15-base PNA probe, which is used
to recognize target DNA, was designed and synthesized by the method
of solid-phase peptide synthesis as described previously [28]. In a ty-
pical sensing process, target DNA is first hybridized with the probe PNA

followed by the S1 nuclease digestion. S1 nuclease is a commonly used
single strand-specific nuclease, which could digest all unhybridized
ssDNA, overlapping ssDNA segments that extend beyond the region of
the PNA/DNA duplex, and any unbound mismatches within a duplex
[43–47]. So in this sensing system, if probe PNA is perfectly com-
plementary to the target DNA, complementary DNA sequence of target
DNA will be protected by PNA from the digestion by nuclease S1 (see
Electronic Supplementary material Fig. S3, Lane 2). In contrast, the
DNA substrates, contain a mismatch toward probe PNA, will be com-
pletely digested down to mononucleotides under identical conditions
(see Electronic Supplementary material Fig. S3, Lane 3). The remark-
able discrimination between matching site and mismatching site by the
PNA/nuclease S1 combinations could be easily monitored by the spe-
cific color changes associated with gold aggregation. It has been re-
ported that PNA oligomers can induce immediate particle aggregation
by shielding the citrate ions on the surface of AuNPs [33]. Our study
further proved that PNA could induce AuNP aggregation even in the
presence of nucleoside monophosphates (dNMPs), the digestion pro-
ducts of DNA (see Electronic Supplementary material Fig. S4). While
PNA/DNA complex, although having a stable double helix structure
similar to dsDNA, can effectively protect AuNPs from salt induced ag-
gregation (see Electronic Supplementary material Fig. S5), and the
ability of PNA/DNA to protect AuNPs against salt-induced aggregation
is stronger than ssDNA [33]. This is caused by the larger molecular size
and the structure rigidity of PNA/DNA complex that introduces more
steric protection than ssDNA [33].

As shown in Scheme 1, AuNPs were protected by the fully-matched
PNA/DNA duplexes, solutions of AuNPs remain red in the presence of
PNA/DNA. When there is a mismatch in the target DNA toward probe
PNA, the target DNA will be cleaved by S1 nuclease into small frag-
ments, the relatively high coating efficiency of PNA lead immediate
coagulation of AuNPs and the solution changes from red to purple-blue.
Thus the discrimination between matching site and mismatching site by
the PNA/nuclease S1 can be easily screened with naked eye based on
the specific color changes.

3.2. Verification of the discrimination capability

Fig. 1 shows the color and UV/Vis absorption spectra changes of
AuNP solutions before and after addition of different PNA/DNA com-
plexes after S1 nuclease digestion. Without PNA/DNA complexes, the
solution of AuNP is red and has a plasmon absorption peak at 520 nm
(Blank). After addition of the fully-matched PNA/DNA complexes, the
absorbance intensity at 520 nm increased slightly and the peak position
redshifted to 523 nm, and the solution color slightly changed to dark
red (FM), indicating that the formation of PNA/DNA duplex after S1
nuclease digestion, which can effectively protect the particles from salt
induced aggregation. However, when the single-base mismatched PNA/
DNA complexes were presented, the solution color changed from red to
purple-blue (1MM), indicating that the cleavage of the mutant DNA by

Scheme 1. Schematic illustration of the optical detection of single-base mismatches.

S. Xing, et al. Colloids and Surfaces B: Biointerfaces 181 (2019) 333–340

335



S1 nuclease and the released PNA induced the aggregation of AuNPs.
This is further confirmed by the disappearance of the absorption peak at
520 nm and a distinct increase of absorption at 625 nm in the UV–vis
absorption spectra. These observations clearly demonstrate the feasi-
bility of the proposed method to detect single-base mismatches.

3.3. Optimum conditions for the SNP sensor

As we know, the amount of S1 nuclease and the enzymatic digestion
time strongly affects the recognition specificity of S1 to its substrate. To
achieve the optimal discrimination capability against single-base mis-
matches, cleavage reactions with various concentrations of S1 nuclease
at different time points were performed, and the absorption intensities
of the resulting AuNP solutions at 520 nm and 610 nm were recorded by
a microplate reader, respectively. In order to quantitatively measure the
discrimination capability of our SNP detection method, the single-base
mismatch discrimination factor (DF) was defined as the ratio of A610nm/
A520nm of single-base mismatched target to that of fully-matched target.
A larger DF is indicative of better specificity. As shown in Fig. 2A,
keeping the digestion time at 30min, the DF was gradually increased
from one plateau period to another as the concentration of S1 nuclease
increased from 0.1 U/μL to 0.8 U/μL, and the maximum DF value of 7.5
was achieved at the S1 concentration of 0.7 U/μL. Similarly, to obtain
optimized digestion time of S1 nuclease, cleavage reactions at different
time points from 10min to 60min were conducted. The DF increased
with the increase of the reaction time from 10min to 30min. However,
with further increase in the reaction time, the DF decreased. The biggest
DF value of 7.5 was achieved after 30min at the S1 concentration of 0.7
U/μL (Fig. 2B). Therefore, to get the highest discrimination capability

of the sensor for SNPs, the S1 nuclease concentration of 0.7 U/μL and
the digestion time of 30min were used in the following experiments.

3.4. Specificity of the SNP sensor

As demonstrated above, our SNP detection system was capable of
discriminating between C-A mismatched target and perfectly com-
plementary DNA (Fig. 1). To evaluate the general applicability of the
proposed method for other SNP types, 60-base long fully-matched and
single-base mismatched targets were designed, and all 8 types of base-
pair mismatches and 8 types of different positions (Table 1) across the
middle sequence of the target were investigated using our method. The
detection results were listed in Table 1 and shown in Fig. 3.

For all single-base mismatched targets, the DF values were in the
range of 2.19 ± 0.13 to 7.89 ± 0.19. The detection system has the
highest discrimination capability towards duplexes containing a C/C
mismatch, whereas the lowest was observed for the duplexes with a T/
G mismatch. This result was consistent with previous findings that the
thermodynamics of mismatches depend on the identity of the mis-
matched base pair as well as the identity of its near neighbors [48,49].
Another interesting phenomenon is that higher DF values were ob-
tained for the duplexes that contain a mismatch located near the middle

Fig. 1. (A) Photographs and (B) UV/vis absorption spectra of AuNP solutions in
the absence (blank) and presence of fully matched PNA/DNA complexes (FM,
PNA/C-G, see Electronic Supplementary material Table S1), PNA/DNA com-
plexes that containing a mismatch in the target DNA toward probe PNA (1MM,
PNA/C-A-1, see Electronic Supplementary material Table S1), and a mixture of
a random sequence DNA and the probe PNA (Random, see Electronic
Supplementary material Table S1) after S1 nuclease digestion. The concentra-
tion of AuNPs, PNA and target DNAs are 10 nM, 1.0 μM, and 1.0 μM, respec-
tively.

Fig. 2. (A) The effect of S1 nuclease concentration on discrimination factors of
the SNP sensor. Each assay was incubated for 30min at 25 °C. (B) The effect of
S1 nuclease digestion time on discrimination factors of the SNP sensor. Each
assay contained 0.7 U/μL of S1 nuclease and incubated at 25 °C. Error bars
estimated as the standard deviation of three replicates.
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of the target (Fig. 3A). So, it is possible to us to get a rough idea about
the mutation type and the mutation position of the target based on
these observations. Furthermore, the strict discriminations between
fully-matched and mismatched targets could also be easily visualized to
naked eyes using our method based on the color change of the AuNP
solutions. As the aggregation degree increased, the color of the AuNP
solution changes from red to purplish red, purple, blue, grey and col-
orless at the end when AuNPs precipitate out of the solution completely.
Fig. 3B showed clearly that only the solution of AuNPs containing the
perfect matched DNA target is red. The others containing single-base
mismatched targets turns purple or blue that could be easily dis-
tinguished from the perfect matched ones with naked eyes. The

apparent color change for different mutation types could be further
confirmed by the different red-shifting degree of the absorption peak of
AuNPs in the UV–vis absorption spectra (Fig. 3C). These results de-
monstrate that the proposed SNP sensor is able to effectively dis-
criminate a range of mismatched DNA targets from the fully matched
ones.

3.5. Validation of the SNP sensor

To validate the advantages of the PNA probe based SNP sensor, the
analytical performance of the well-established DNA probe based SNP
discrimination method was also done by using the same sequence DNA

Table 1
Discrimination factors of the SNP sensor for various single-base mismatched targets (1MM, mismatched bases are marked in bold and underscore), (SD, n= 3).

Name Mismatched base-pairs DNA target sequence (5’→ 3’) Discrimination factors

C-A-1 C-A 22mer-TGAGTGTATAACGGA-23mer 7.53 ± 0.22
A-A A-A 22mer-TGAGTGTGAAACGGA-23mer 4.32 ± 0.56
T-T T-T 22mer-TGAGTGTGTTACGGA-23mer 4.00 ± 0.58
T-C T-C 22mer-TGAGTGTGTACCGGA-23mer 4.12 ± 0.62
G-A G-A 22mer-TGAGTGTGTAAAGGA-23mer 7.27 ± 0.24
C-C C-C 22mer-TGAGTGTGTAACCGA-23mer 7.89 ± 0.19
C-A-2 C-A 22mer-TGAGTGTGTAACGAA-23mer 3.36 ± 0.43
T-G T-G 22mer-TGAGTGTGTAACGGG-23mer 2.19 ± 0.13
G-G G-G 22mer-TGAGTGTGTAAGGGA-23mer 3.21 ± 0.28

Fig. 3. (A) Comparison of the discrimination factors of the SNP sensor for various single-base mismatched targets. (B) Photographs and (C) UV/vis absorption spectra
of AuNP solutions in the presence of fully-matched PNA/C-G complexes and various PNA/single-base mismatched targets after S1 nuclease digestion. The con-
centration of AuNPs, PNA and target DNAs are 10 nM, 1.0 μM, and 1.0 μM, respectively. Error bars estimated as the standard deviation of three replicates.
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probe instead of the PNA under the same conditions as described pre-
viously [24]. As shown in Fig. 4, the DF values, which was defined as
the ratio of A610nm/A520nm of fully-matched target to that of single-base
mismatched target, for all single-base mismatched targets were less
than 1.5, and no apparent color change (from red to purple-blue) was
observed for the resulting AuNP solutions, indicating the weak dis-
crimination capability for single-base mismatches of the DNA probe
based SNP sensor. These results further confirmed that the use of the
PNA probe instead of DNA could enhance the single-base mismatch
discrimination capability of the AuNP/S1 nuclease based SNP sensor. In
addition, the higher stability towards the degradation of nucleases and
proteases and the higher thermal stability and sequence selectivity
make PNA an idea candidate for SNP screening in real complicated
environment.

3.6. Sensitivity of the SNP sensor

To test the sensitivity of the assay, the sensor solution were treated
with different concentrations of single-base mismatched DNA target
and the absorbance signals at 610 nm (A610nm) and 520 nm (A520nm)
were recorded. As a negative control, different concentrations of fully-
matched DNA target were also tested under the same conditions. As
indicated in Fig. 5, the ratio of A610nm/A520nm is sensitive to the single-
base mismatched target and increases as the concentration of target C-
A-1 DNA increases. This increase is attributed to the digestion of the
DNAs in the single-base mismatched PNA/DNA complexes, and re-
sulting in the releasing of PNAs, which will lead the coagulation of
AuNPs in solution. While for the fully matched DNAs, the increase in
the amount of fully-matched PNA/DNA complexes has minor influence
on the aggregation state of AuNPs, so the A610nm/A520nm remain vir-
tually unchanged. A linear correlation exists between A610nm/A520nm

and the concentration of the C-A-1 DNA target over the range of
50–200 nM (blue line). This sensor has a detection limit of 6.1 nM,
based on 3σ/slope (where σ is the standard deviation). These data show
high sensitivity and good linearity for the quantitative analysis of SNPs
by using the PNA-AuNP sensor. In addition, this SNP sensor has a visual
detection limit of 60 nM (see Electronic Supplementary material Fig.
S6), which could be recognized with naked eyes based on the color
change of AuNPs. Although the detection sensitivity is lower than that
of the surface plasmon resonance (SPR) based method [50], the visual
detection limit and the dynamic range of the SNP sensor are compar-
able to those of other AuNP-based DNA detection methods [11,24].

3.7. Detection of SNPs in spiked sample

To evaluate the feasibility of the SNP sensor for real samples, the
analysis of target DNAs in NCI-H1299 cell lysate was conducted by the
developed SNP assay. Tests were performed by adding various con-
centrations (10, 20, 30, 40 and 50 nM) of fully-matched target or single-
base mismatched target (C-A-1 DNA) to 10% NCI-H1299 cell lysate. The
cell lysate alone cannot cause apparent aggregation of AuNPs (see
electronic supplementary material Fig. S7), however, with the addition
of the single-base mismatched DNA target, the ratio of A610nm/A520nm

increased linearly over the concentration range of 10–50 nM (Fig. 6).
While for the fully matched DNAs, the A610nm/A520nm changed slightly.
The calculated detection limit for the single-base mismatched target in
10% cell lysate is 2.3 nM and the visual detection limit is 20 nM (see
electronic supplementary material Fig. S8), which is comparable or
even better than that in buffer, indicating the possibility of applying
this sensing strategy for SNPs detection in biological samples.

Furthermore, the recovery assays were also performed by spiking

Fig. 4. (A) Photographs and (B) Discrimination factors of the DNA probe based SNP sensor for various single-base mismatched targets. The concentration of AuNPs,
DNA probe and target DNAs are 10 nM, 1.0 μM, and 1.0 μM, respectively. Error bars estimated as the standard deviation of three replicates.

Fig. 5. Linear relationship between A610nm/A520nm and the concentration of
single-base mismatched DNA target (C-A-1, blue line). As a negative control, the
fully matched DNA target (C–G) is also included. Error bars estimated as the
standard deviation of three replicates (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.).
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the single-base mismatched target (C-A-1: 15 nM, 60 nM, and 80 nM)
into 10% cell lysate samples. Acceptable recoveries (between 96% and
102%) and standard deviations (between 0.4 and 1.8) were obtained
(Table 2), indicating that the developed SNP sensing strategy could be
applied to quantify the concentration of the single-base matched target
in real biological samples.

3.8. Colorimetric detection of single-base mismatches using AgNPs or larger
size AuNPs

To get an optimum sensitivity of the colorimetric assay for single-
base mismatches, AgNPs of 16 nm in diameter (Fig. S2), which is the
most commonly used particle size in nucleic acid adsorption studies and
in bioassays, were also used to develop the robust colorimetric strategy.
As displayed in Fig. S9, PNA could induce immediate AgNPs aggrega-
tion without the help of salt, and the color of AgNPs solution changed
from yellow to brown. The drop of absorbance at the surface plasmon
peak (˜400 nm) and the appearance of surface plasma peak at longer
wavelength (˜550 nm) further confirmed the particle aggregation (Fig.
S9B). However, the hybridization of PNA with DNA disrupt the PNA-
induced aggregation, and PNA/DNA complexes could even protect
AgNPs from salt-induced aggregation (Fig. S9A). Therefore, AgNPs
could be an alternative of AuNPs for colorimetric SNP detection. To
determine the sensitivity of the AgNPs-based method, the absorbance at
550 nm and 400 nm were recorded at different concentrations of single-
base mismatched DNA target. The ratio of A550nm/A400nm increases
linearly over the concentration range from 1 nM to 40 nM (Fig. 7). This
sensor has a calculated detection limit of 0.95 nM and a visual detection
limit of 10 nM (Fig. S10) for the single-base mismatched DNA target,
which is superior to that of AuNPs-based method, indicating that AgNPs
is a more sensitive colorimetric platform for single-base mismatch

detection. In addition to AgNPs, larger size AuNPs (25 nm) were also
used to develop the colorimetric assay. Similar results were obtained as
that of 13 nm AuNPs (Fig. S11), indicating the feasibility of using larger
size AuNPs to develop colorimetric assays to detect single-base mis-
matches. But in consideration of the complexity, stability and the cost
in preparation of AgNPs and larger size AuNPs, the commonly used
13 nm AuNPs are still our first choice.

4. Conclusions

In summary, we have demonstrated a simple, rapid, label-free, and
sensitive colorimetric method for efficient screening of single base-pair
mismatches based on the different binding affinities of AuNPs to single-
stranded PNA and PNA/DNA duplexes. This sensor displayed high
discrimination capability to single-base mismatched DNAs against fully-
matched target DNA sequence. This strategy has several excellent fea-
tures. First, the use of unmodified AuNPs and label-free PNA probes
offers a convenient colorimetric “mix-and-detect” approach for the
rapid detection of SNPs at room temperature. It eliminates the need of
time consuming preparation of labeled substrates and AuNPs, the re-
quirements for stringent temperature control and multiple steps of post-
washes, and any complicated instruments. Second, the use of a se-
quence-specific PNA probe impart high sensitivity and selectivity to the
sensor. Third, the use of a 60-base long target provides the potential for
detection of a DNA fragment which can be extracted through the DNA
amplification protocol, for example, the real-time polymerase chain
reaction amplification, in real sample. Finally, this assay in principle
can be used to detect any kind of gene mutations by simply changing
the PNA sequences that selectively bind to other gene targets.
Furthermore, the use of PNA probe makes this sensing platform a
promising approach for the analysis of SNPs at point-of-care in re-
source-limited settings.
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matched DNA target (C–G) is also included. Error bars estimated as the standard
deviation of three replicates.
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