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Abstract
We used 40 ± 5 nm gold nanoparticles (GNPs) as colorimetric sensor to visually detect
swine-specific conserved sequence and nucleotide mismatch in PCR-amplified and
non-amplified mitochondrial DNA mixtures to authenticate species. Colloidal GNPs changed
color from pinkish-red to gray-purple in 2 mM PBS. Visually observed results were clearly
reflected by the dramatic reduction of surface plasmon resonance peak at 530 nm and the
appearance of new features in the 620–800 nm regions in their absorption spectra. The particles
were stabilized against salt-induced aggregation upon the adsorption of single-stranded DNA.
The PCR products, without any additional processing, were hybridized with a 17-base probe
prior to exposure to GNPs. At a critical annealing temperature (55 ◦C) that differentiated
matched and mismatched base pairing, the probe was hybridized to pig PCR product and
dehybridized from the deer product. The dehybridized probe stuck to GNPs to prevent them
from salt-induced aggregation and retained their characteristic red color. Hybridization of a
27-nucleotide probe to swine mitochondrial DNA identified them in pork–venison, pork–shad
and venison–shad binary admixtures, eliminating the need of PCR amplification. Thus the assay
was applied to authenticate species both in PCR-amplified and non-amplified heterogeneous
biological samples. The results were determined visually and validated by absorption
spectroscopy. The entire assay (hybridization plus visual detection) was performed in less than
10 min. The LOD (for genomic DNA) of the assay was 6 μg ml−1 swine DNA in mixed meat
samples. We believe the assay can be applied for species assignment in food analysis, mismatch
detection in genetic screening and homology studies between closely related species.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Selective detection of specific DNA sequences is increasingly
important to address a wide range of biological issues such
as bio-diagnostics, genetics [1–3] and food analysis [4–10].

The polymerase chain reaction (PCR) is widely used to
selectively amplify a segment of longer DNA from as little as
a single copy to easily detectable quantities. The application
of PCR addresses sensitivity issues and ameliorates sample
purification steps [3]. For these convenient features, PCR
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has become an indispensable tool for the analysis of genomic
DNA [3], although a vast range of sensing approaches,
such as surface plasmon resonance (SPR) [11], fluorescent
microarrays [12, 13], semiconductor, nanoparticle or polymer-
based biosensors [14–18], are available. The merit of a
PCR-amplified assay is not sensitivity but simplicity, because
additional amplification is straightforward. However, the
authentication of PCR product needs further identification
of specific sequences within it. Most of the sequence
identification tools, available to hand, require expensive
instrumentation or complicated synthetic chemistry to modify
the DNA, substrates or nanoparticles. However, hybridization
on modified surfaces imposes unnecessary steric constraints,
leading to slow and inefficient binding of probe and target,
making the analysis of PCR products expensive and time
consuming [3].

Species assignment in food products is necessary for the
enforcement of labeling regulations and health, and religious
concern over certain food ingredients [5–10]. To perform this
task, cost-effective, easily-performable and accurate analytical
methods are highly desirable [7]. Recently a number of
PCR assays have been developed for the detection of swine
DNA in raw and processed meat [5, 6, 9], since pork is a
concern for Muslims, Jews and vegans. PCR assay with shorter
amplicon size (<150 bp) is preferred as it is implicated as
providing higher template DNA stability in physically and
chemically processed food products [10]. However, shorter
amplicon size often produces cross-species amplification and
artifacts diminishing the reliability of the PCR assay [10].
Generally, RFLP analysis is performed to overcome specificity
issues [9]. However, RFLP involves the additional cost of
restriction enzymes, digestion time and gel electrophoresis [9].
Moreover, RFLP cannot be applied if restriction sites are not
present in the desired PCR products. Thus the analysis of PCR
product is complex and it considerably hinders the transition
of the method from research to routine analysis of consumer
goods [19, 20]. Therefore, new methods with convenient
features would be greatly appreciated for the accurate analysis
of PCR-amplified DNAs.

The distinct surface plasmon resonance (SPR) characters
of aggregated and non-aggregated gold nanoparticles with
diameter 5–20 nm have been studied for many years for sensing
specific oligonucleotide sequences [15–17, 20–33]. However,
those studies involved a cross-linking mechanism which needs
surface modification of GNPs to immobilize two DNA probes
that are subsequently cross-linked by a complementary target
to induce aggregation [22–26].

Detection of nucleotide sequences by a non-cross-
linking method is particularly interesting because it needs
no modification chemistry and target hybridization is rapid
as well [3, 17]. Li et al showed that 13 nm GNPs can
be applied to detect specific sequences and single nucleotide
mismatch in PCR-amplified DNA [3]. Mismatch detection
in genomic DNA is a challenging task but is at the forefront
of diagnostic technology for the early detection of cancers
and other hereditary diseases [34, 35]. However, such studies
are also limited to a definite size of colloidal gold and lack
substantial evidence from absorption spectroscopy, which is

a reliable and inexpensive tool available in most laboratories.
It is not clear whether other than 13 nm diameter GNPs can
be used for sequence identification schemes. It also needs
to be clarified whether GNPs can be used to directly detect
PCR-non-amplified genomic DNA where sample scarcity
is not a concern. Application of unmodified GNPs for
the authentication of specific sequences in heterogeneous
biological samples also needs to be explored.

This work successfully applied 40 ± 5 nm GNPs for
visual differentiation of shorter size PCR amplicons (109 bp)
of pig and deer cytb genes, avoiding any surface modification
chemistry or RFLP analysis. Thus we showed that colloidal
gold of wide ranging diameter could be used to simplify
the analysis of PCR products. The visually observed results
were substantiated by absorption spectroscopy and electron
microscopy. These eliminated the probability of artifacts
or any sort of color blindness errors. The assay also
directly detected swine DNA in genomic DNA mixtures
extracted from moderately processed pork–venison and pork–
shad binary admixtures, avoiding the additional cost and time
of PCR amplification, electrophoresis and sample purification
chemistry.

2. Materials and methods

2.1. PCR amplification

Out of eleven species (pork/pig: Sus scrofa, beef/cow: Bos
taurus, chevon/goat: Capra hircus, mutton/sheep: Ovis aries,
venison/deer: Cervus nippon and chicken: Gallus gallus) and
fish (cichlid: Crenicichla minuano, shad: Alosa sapidissima,
cod shrimp: Gadus morhua, bluefin tuna: Thunnus orientalis
and cuttlefish: Sepia officinalis), 109 bp size PCR products
were obtained from pig, deer and shad cytb genes. DNAs
of these species were extracted from fresh and autoclaved (at
120 ◦C for 30 min) muscle tissue using MasterPure™ DNA
Purification Kit (Epicenter Biotechnologies, Madison, USA)
as per the protocol supplied by the manufacturer. The purity
and concentration were determined by Eppendorf UV–vis
Biophotometer (Eppendorf, Germany). The fresh muscle
samples were procured from a local wet market and were
verified by veterinary and fishery experts. Primers and
probes (table 1) were designed by analyzing Sus scrofa
cytb gene (GenBank # AF034253.1 in NCBI archive) using
NCBI BLAST, ClustalW alignment and primer3Plus software.
The cycling conditions on a Mastercycler Gradient PCR
(Eppendorf, Germany) were: preheating at 95 ◦C for 10 min,
35 cycles of amplification (30 s at 93 ◦C, 20 s annealing at
61 ◦C and 30 s extension at 72 ◦C) followed by final extension
at 72 ◦C for 5 min. The PCR products were analyzed by
electrophoresis on 2% agarose gel for 75 min at 50 V and were
visualized by ethidium bromide staining [4, 6].

2.2. Synthesis of colloidal gold nanoparticles

Colloidal gold nanoparticles (GNPs) were synthesized with
a slight modification of the method described in the
literature [21]. Instead of tri-sodium citrate, 38.8 mM solution
of monobasic anhydrous sodium citrate (MW. 214.11, 99.5%)
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Table 1. Sequences of oligonucleotides used.

Name Sequence (5′–3′)

Forward primer TCCTGCCCTGAGGACAAATA
Reverse primer AAGCCCCCTCAGATTCATTC
Swine probe for genomic DNA CTACGGTCATCACAAATCTACTATCAG
Swine probe for PCR product CTACGGTCATCACAAAT
PCR amplicon TCCTGCCCTGAGGACAAATATCATTCTGAGGAG

CTACGGTCATCACAAAT CTACTATCAGCTATCCCTTAT
AT CGGAACAGACCTCGTAGAATGAATCTGAGGGGGCTT

was used in this preparation. All chemicals were purchased
from Sigma, Aldrich, USA, and all solutions were prepared
in 18.2 M� water immediately before use. The resultant
GNPs were characterized by PerkinElmer Lambda 25 UV–
vis spectrophotometer and Hitachi 7100 transmission electron
microscope. The concentration and particle number were
determined according to the method of Heiss et al [36].

2.3. Identification of PCR product by gold nanoparticles

In four separate vials, labeled as (a)–(d) (figure 3), 400 μl of
66 pM colloidal GNPs was taken. Thirty microliter (30 μl) of
17-mer single-stranded (ss-) and double-stranded (ds-) oligo-
probes (100 nM) (1st BASE, Malaysia) were added to vials (c)
and (d). An equal volume of 18.2 M� water was added
to vials (a) and (b). All vials were incubated in a water
bath at 50 ◦C for 3 min, except the dsDNA-containing vial
(vial (d)) to avoid temperature-induced dehybridization of the
complementary strands. Then 200 μl of 10 mM PBS buffer
(0.2 M NaCl, pH 7.4) was added to each tube, except vial (a)
in which equal volume of 18.2 M� water was added. All
tubes were vortexed immediately. The colloidal suspension
in PBS buffer (vial (b)) and dsDNA (vial (d)) immediately
turned purple-gray and then slowly watery-gray. However,
GNPs in DI water (vial (a)) and first incubated in ssDNA
and then in PBS buffer remained unchanged and retained
their characteristic pinkish-red color (vial (c)). After 10 min,
sufficient water was added to make the final volume 1 ml in
each vial and was characterized by absorption spectroscopy.
Thus the final concentration of probe, GNPs and PBS buffer
was 3 nM, 26.4 pM and 2 mM, respectively. Stability of
ssDNA incubated gold colloids in PBS buffer was studied
for seven days, keeping them at 4 ◦C, and found unchanged.
Replacement of synthetic dsDNA by PCR product yielded
similar results. The samples were also characterized by
transmission electron microscopy (figure 2) in the Institute of
Biosciences in the University Putra Malaysia.

2.4. Sequence identification and mismatch detection by gold
colloids

For Sequence identification and mismatch detection, 40 μl
porcine PCR products (500 μg ml−1) and 30 μl of 17-
mer swine probes (100 nM) were taken in vials (a), (c)
and (e) (figure 4). Equal volumes of deer PCR product and
probes were taken in vials (b), (d) and (f). The mixtures
were denatured at 95 ◦C for 3 min and then annealed at
51 ◦C ((a), (b)), 55 ◦C ((c), (d)) and 59 ◦C ((e), (f)) for 2 min.

Finally, 400 μl of 66 pM gold colloids were added to each
vial. At 51 ◦C, gold colloids in both PCR products immediately
turned purple-gray (vials (a) and (b) in figure 4). At 55 ◦C,
the colloidal particles in deer PCR product (vial (d)) retained
their characteristic pinkish-red color. However, the particles
in porcine PCR product turned purple-gray (vial (c)). At
59 ◦C the pinkish-red color was retained by both PCR products
(vials (e), (f)). The final volume was adjusted to 1 ml with
DI water and characterized by UV–vis spectroscopy. Thus
the final concentration of colloidal particles, ssDNA probe
and PCR products were 26.4 pM, 3 nM and 20 μg ml−1,
respectively.

2.5. Detection of swine DNA in mixed meat mixture

In order to detect swine DNA in moderately processed
heterogeneous biological samples, pork–venison, pork–shad
and shad–venison mixtures were prepared in a ratio of 1:1
(w/w). Approximately 100 mg mixed and pure meat samples
from each specimen were autoclaved at 120 ◦C for 30 min at
a pressure of 3 bar. By this treatment, all specimens lost their
normal textures and turned into a liquid broth. DNA extraction
was performed as described in section 2.1. One hundred
microliters (100 μl) of mixed genomic DNA (200 μg ml−1)
was taken in vials (b)–(d) as shown in figure 5. Equal amounts
of pure genomic DNA (pig, deer and shad) were taken in
vials (a), (e) and (f). All vials were incubated with 15 μl
of (100 nM) swine probe (27-nucleotide shown in table 1)
at 95 ◦C for 3 min and then annealed at 55 ◦C for 2 min.
After that, 250 μl of 66 pM gold colloids was added to each
vial. Finally, 100 μl of 10 mM PBS was added to each vial.
Vials (a)–(c), which contained swine DNA, immediately turned
purple-gray. However, the remaining vials, which did not
contain any swine DNA, retained the characteristic color of
colloidal particles. The final volume was made up to 1 ml with
DI water and characterized by absorption spectroscopy. Thus
the final concentration of GNP, probe, genomic DNA and PBS
was 16.5 pM, 1.5 nM, 20 μg ml−1 and 1 mM, respectively.

2.6. Determination of the limit of detection

To determine the LOD (limit of detection), raw pork and
venison was mixed in a ratio of 1:99; 10:90; 20:80 and 30:70
(w/w). DNA extraction was performed from the mixed meat
and 100 μl of mixed DNA (300 μg ml−1), extracted from
the above specimens, was taken in four separate vials marked
as (a)–(d), as shown in figure 6. All vials were incubated
with 15 μl of (100 nM) swine probe (27-nucleotide shown in
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Figure 1. Electrophoresis analysis of PCR products of eleven
different species. Shown are L: DNA ladders (50–1000 bp); P: pork,
B: beef, M: mutton, G: goat, D: deer, C: chicken, S: shrimp, T: tuna,
Cu: cuttlefish, Ci: cichlid, Sh; shad and NTC: negative template
control.

table 1) at 95 ◦C for 3 min and then annealed at 55 ◦C for 2 min.
After that 250 μl of 66 pM gold colloids was added to each
vial. Finally, 100 μl of 10 mM PBS was added to each vial.
Vial (a) retained the pinkish-red color of monomeric GNPs.
Vials (c) and (d) clearly turned purple-gray. On the other
hand, vials (b) took a mixed appearance with the retention
of approximately 60–70% original color. The final volume
was made up to 1 ml with DI water and was characterized by
absorption spectroscopy. Thus the final concentration of probe,
GNP, mixed genomic DNA and PBS were 1.5 nM, 16.5 pM,
30 μg ml−1 and 1 mM, respectively. The concentration of
swine DNA in vials (a)–(d) was 0.3, 3.0, 6.0 and 9.0 μg ml−1,
respectively.

3. Results and discussion

3.1. PCR amplification

PCR amplification results are shown in figure 1. Out of
eleven different species, 109 bp products were obtained from
pig, deer and shad cytb genes at 61 ◦C annealing temperature.
However, the amount of shad PCR product was significantly
less than the deer product. Sequence analysis revealed that
the forward primer has a 2 nucleotide (2-nt) mismatch with
both deer and shad templates (data not shown). So the DNA
of both species should amplify at the same level at the same
annealing temperature. However, replacement of C with T at
the second position brought two T at the beginning of the shad
primer, probably making the primer hybridization difficult at
high temperature. Other species produced (goat, cow, sheep,
chicken, shrimp, cichlid, cuttlefish and tuna) no product at all,
because they had a 3–9 nucleotide mismatch with the primers
and therefore, the primers did not hybridized to the template at
the experimental annealing temperature.

3.2. Characterization of gold nanoparticles

The formation of gold nanoparticles was confirmed by TEM
images (figure 2). The particle size (diameter: 40 ±
5 nm) was assigned according to previously established
methods [3, 37, 38]. TEM images (2(A) and (C)) revealed
the distribution of particles in small monodisperse groups

Figure 2. TEM images of gold nanoparticles (GNPs) before and
after salt-induced aggregation. Shown are 26.4 pM gold colloids in
DI water (A), in 2 mM PBS buffer (B) in 2 mM PBS after 3 min
incubation in ssDNA probe (3 nM) at 50 ◦C (C) and in 2 mM PBS
after the same duration incubation in equimolar 17-mer dsDNA at
25 ◦C (D). All images are shown at a magnification of 50 000 times.

Figure 3. Absorption spectra of aggregated and non-aggregated
GNPs. Shown are absorption spectra of 26.4 pM gold colloids in DI
water (blue curve: top one, (a)), in 2 mM PBS buffer (pink curve:
bottom one, (b)) and in 2 mM PBS buffer after incubation with
ssDNA probes (red curve: second from the top, (c)), and in
equimolar dsDNA probes (green curve: third from the top, (d)).
Insets are the color photographs of 1.6× concentrated solutions in DI
water (a), PBS buffer (b), PBS buffer plus ssDNA (c) and PBS buffer
plus dsDNA (d).

throughout the bulk sample, but not in aggregates (one on
another) that were seen upon the addition of salt (figures 2(B)
and (D)). A significant portion (∼2–5%) of the particles was
found to be triangular, rod, rhombic, hexagonal or rectangular
in shape.

Previous studies implicated that tri-sodium citrate con-
centration [37], mixing speed [37, 38] and reaction tempera-
tures [39, 40] critically affects the particle size and shape of
monodisperse gold sols. Reduction of citrate concentration
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Figure 4. Identification of PCR products and nucleotide mismatch
by unmodified GNPs. In the illustration vials (a), (c) and (e)
represent the color of gold colloids in pig PCR product annealed with
the swine probe DNA at 51, 55 and 59 ◦C, and vials (b), (d) and (f)
shows the same in deer PCR product annealed with the same probe at
the corresponding temperatures. The absorption spectra from bottom
to top are green curve: pig at 51 ◦C (a), red curve: deer at 51 ◦C (b),
blue curve: pig at 55 ◦C (c), brown curve: deer at 55 ◦C (d), pink
curve: pig at 59 ◦C (e) and cyan curve: deer at 59 ◦C (f). The inset is
the matched and mismatched sequences of pig and deer cytb genes
with the designed probe. The sequence of the corresponding spectra
is also shown alphabetically within the pointed arrow.

Figure 5. Identification of swine DNA in heat and pressure
processed mixed genomic DNA mixtures. Vials (a), (e) and (f)
contained pure genomic DNA extracted from autoclaved meat from
pig, deer and shad. However, vials (b)–(d) contained mixed genomic
DNA extracted from 1:1 (w/w) mixtures of pig–deer, pig–shad and
deer–shad muscle tissue autoclaved under similar conditions. The
corresponding absorption spectra are labeled alphabetically. All vials
were incubated at 95 ◦C for 3 min to allow denaturation and then
annealed at 55 ◦C for 2 min before adding the colloidal particles.

produces larger particles and enhancement of citrate generates
smaller particles [37]. In place of tri-sodium citrate, mono-
sodium citrate was used at a concentration (38.8 mM), at
which tri-sodium citrate is reported to produce particles equal
or less than 13 nm [21]. However, particles of diameter of

Figure 6. Determination of LOD for pork in raw pork–venison
binary admixture. Shown in the inset are the color of gold
nanoparticles in 1% (a), 10% (b), 20% (c) and 30% (d) pork DNA
extracted from pork–venison mixture. The corresponding absorption
spectra are shown with label. The LOD was found to be 20%
(6 μg ml−1) swine DNA in the binary mixture (shown in vial (c) and
by red curve).

40 ± 5 nm were obtained in the current report. Using tri-
sodium citrate under similar conditions, colloidal particles of
diameter 20 ± 2 nm were found (data not shown). Thus it was
inferred that the lower number of sodium ions in the monobasic
sodium citrate molecule contributed to the formation of larger
size particles.

UV–vis spectra of isolated and aggregated 40 ± 5 nm
GNPs in DI water and 2 mM PBS are shown in figure 3.
The unaggregated sol produced an intense peak at 530 nm.
The physical nature of this surface plasmon mode, which
gives colloidal gold its characteristic pinkish-red color,
is well understood, as it depends on particle size and
shape [3, 15, 16, 36, 41, 42]. For example, 13 nm GNPs
produce an absorption peak at 520 nm [3, 21] whereas 2.5 nm
particles produce a peak at 510 nm [16].

However, the aggregated colloidal particles in this report
lost the absorption peak at 530 nm in PBS. Moreover, a
well developed broad peak, which resulted from a collective
plasmon mode in aggregated particles, appeared between 620
and 800 nm [3, 21]. The new features of the spectrum started to
develop in the region of 650 nm and gradually red-shifted and
went upward, occupying a larger part (620–800 nm), as shown
in figure 4 (blue curve: fourth from the top). The intensity
of the new peak was directly proportional to the degree of
aggregation and loss of absorption at 530 nm (shown by arrows
in figure 3).

3.3. Sequence identification and mismatch detection

Agarose gel electrophoresis coupled with ethidium bromide
staining is routinely used to visualize PCR-amplified
DNAs [4, 6–9]. However, gel electrophoresis is time
consuming, laborious and cannot differentiate different
sequence-containing PCR products if they have the same
molecular size as shown in figure 1. RFLP analysis is
generally done to differentiate PCR products of the same
sizes [9]. However, RFLP analysis incurs the additional cost of
restriction enzymes, time consuming digestion and laborious
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electrophoresis. Moreover, this method can be applied only
if appropriate restriction sites are present in a comparatively
longer size amplicon. Southern blotting is another technique
that can be used for sequence identification [43]. In addition
to high cost of materials and handling of hazardous materials,
such as ethidium bromide and radioactive materials, the
whole process takes more than a day, reflecting the numerous
disadvantages of this method. Sequencing is another technique
that can identify specific PCR products [44]. However, this
method demands excessively purified DNA.

On the other hand, colloidal gold is biocompatible, its
chemistry is well known, its preparation is easier at desirable
sizes and it is also commercially available at reasonable prices.
Therefore, we proceeded to identify species specific sequences
in PCR products by gold nanoparticles. We designed a 17-mers
probe that had 100% matches with porcine PCR product and 4-
nt mismatch with deer product (inset of figure 4). We observed
that at a critical temperature (55 ◦C), swine-specific probe
is dehybridized from the non-complementary PCR products
obtained from deer cytb gene. The dehybridized probes
(17-mer ssDNA) interact with GNPs to prevent them from
aggregation after the addition of salt at a critical concentration.
This produces a rapid and drastic color change in the reaction
mixtures, which can be detected by visual observation (vial (c)
and (d) in the inset of figure 4) without the need of any
instrumental aid. Earlier works by Li et al [3] described
the mechanism of color changes in 13 nm GNPs and their
interactions with ssDNA. The procedure for determining the
critical concentration of salt can be found elsewhere [37].

We validated our visually observed findings by absorption
spectroscopy (figure 3). The UV–vis spectrum of GNPs
in PBS lost its absorption peak at 530 nm, indicating
aggregation. Salt-induced aggregation of citrate-coated
particles was confirmed by TEM study (figure 2(B)). Double-
stranded 17-mer DNA and also PCR product could not prevent
salt-induced aggregation of GNPs. This was also confirmed
by TEM study (figure 2(D)) and the loss of the 530 nm peak
by 70–80% (spectrum (d) in figure 3). However, a reduced
level of aggregation was observed both in the TEM image
(figure 2(D)) and the UV–vis spectrum (figure 3: spectrum
(d)). We assumed the presence of some ssDNA, both in
synthetic dsDNA and PCR product, that might adsorb on GNP
surfaces to interfere with aggregation. This was confirmed by
measuring ssDNA species using a biophotometer (Eppendorf)
that detected the presence of 10–15% ss-nucleic acids (DNA
or RNAs) in synthetic dsDNA and PCR products as well. The
UV–vis spectrum of GNPs in ssDNA produced an ∼5% less
intense peak at 530 nm, indicating some degree of aggregation
upon the addition of salt. This was revealed by TEM study
(figure 2(C)) and also by the higher base line in the region of
620–800 nm in the absorption spectrum (red curve in figure 3).
Thus we were able to clearly demonstrate that absorption at
530 nm gradually decreased, and between 620 and 800 nm
increased, as the particles undergo aggregation.

As shown in figure 4, the absorption spectra of gold
colloids in both pig and deer PCR products (green and red
curves) indicated equal levels of aggregation at 51 ◦C, as
the absorption at 530 nm reduced and that at 620–800 nm

increased to the same extent. However, the absorption of
deer PCR product (brown curve) at 530 nm was significantly
increased and that between 620 and 800 nm decreased over
that of pig (blue curve) at 55 ◦C, indicating almost complete
dehybridization of the probe from deer PCR product and
consequent isolation of gold colloids. However, all probes
were forced to dehybridize from both PCR products at
59 ◦C and therefore both spectra (pink & cyan curves) were
intensified at 530 nm and fell down between 620 and 800 nm
to the same extent. We observed a shoulder at 650 nm for
the pig PCR product at 55 ◦C but not for the deer product.
This type of shoulder indicated partial aggregation of GNPs.
Ultimately, the shoulder centered at 650, spread over the entire
region of 620–800 nm when complete aggregation of particles
took place. A slight variation in spectral shape and base line
was observed between the samples, which could be explained
for different dielectric properties of the solution due to different
level of nucleic acids, proteins or other impurities in the PCR
products [41, 42, 45]. A pipetting error might also contribute
to the variation from experiment to experiment. However,
the observed variation failed to affect our visual findings.
We successfully identified specific sequences in PCR product
through mismatch detection by visual observation of the color
change, without the aid of any instrumentation. Absorption
spectroscopy strongly supported our visual findings through
monitoring the spectral intensity at 530 nm and 620–800 nm.

3.4. Sequence detection in mixed biological samples

The swine-specificity of the probes was confirmed by detecting
swine DNA in binary admixtures (1:1 w/w) of pork–venison,
pork–shad and deer–shad genomic DNA extracted from
autoclaved mixed meat (figure 5). The purpose of autoclaving
was to see whether partially degraded DNA could be detected
by GNPs, as several literature reports have demonstrated
that such treatment breaks down genomic DNA into small
fragments [8, 10]. A certain level of genomic DNA degradation
is also obvious during physical and chemical processing of
meat and meat products [8, 10]. Therefore, our attempt to
detect specific DNA sequences in heat-treated and pressurized
meat mixture was appropriate.

We designed a comparatively longer swine-specific probe
(27-nucleotide shown in table 1) for the detection of non-
amplified swine genomic DNA in mixed meat samples. This
probe had 6-nt and 8-nt mismatches (inset of figure 5) with
deer (Cervus nippon; GenBank 377264.1) and shad (Alosa
sapidissima; GenBank EU552616.1) cytb genes. Incubation
of the probe with pure and mixed genomic DNA, followed
by addition of gold colloids, clearly demonstrated that only
the swine DNA-containing vials ((a)–(c)) changed color from
pinkish-red to watery-gray, reflecting hybridization of the
probe to the swine genomic DNA at 55 ◦C. No detectable
change in color was observed in deer–shad mixture (d) or pure
genomic DNA of deer and shad ((e) and (f)) indicating that the
probe did not hybridize to mismatch containing genomic DNA
under similar conditions. Again, absorption spectroscopy
strongly supported the visually observed results, suggesting
that the visual change of color was authentic.
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3.5. Determination of LOD

The absorption spectra and visually detected color of GNPs
in various percentages of pork–venison binary admixtures
are shown in figure 6. It was very clear from the visually
observed results, as well as spectroscopic data, that 1%
pork-containing vial (vial (a)) retained 100% original color
of colloidal particles (pink curve). However, 10% pork-
containing vial (b) retained 60–70% color of GNPs, reflecting
partial aggregation. This was also reflected by the appearance
of a shoulder centered at 650 nm and the loss of absorption by
40–50% at 530 nm. On the other hand, 20% and 30% pork-
containing vials ((c) and (d)) changed color from pinkish-red
to purple-gray demonstrating aggregation. Absorption spectra
reflected the surface plasmon features of 40 nm diameter
aggregated particles between 620 and 800 nm and loss of
absorption at 530 nm. Concentration of swine DNA in 20%
pork-containing vial was 6 μg ml−1. Thus the determined
LOD was 6 μg ml−1 swine DNA for raw pork in mixed
samples. It was observed that some of the particles (∼5–10%)
did not change color in vials (c) and (d), which contained 20%
and 30% swine DNA. These were most likely the unconsumed
probe-bound particles that tolerated the salinity stress.

3.6. Efficacy and limitation of the current assay

The current assay successfully determined swine-specific
sequences in PCR-amplified and non-amplified pure and mixed
meat mixtures in raw as well as moderately processed states
just by visually observed color change of gold nanoparticles.
The visually observed results were authenticated by absorption
spectroscopy. However, the assay could not provide
quantitative information. The LOD of the assay was higher
than that of the real-time PCR [5, 10]. The TaqMan fluorogenic
probe can detect, quantify and amplify specific sequences
by real-time PCR without the need of electrophoresis and
blot analysis [5, 9]. However, the TaqMan probe, real-
time PCR and the mastermix used in real-time PCR are very
expensive and ordinary laboratories cannot afford them. On
the other hand, a conventional thermal cycler is cheap and
can be used to amplify target DNA sequences to overcome
sample scarcity. Conventional PCR coupled with gold-
nanoparticles-based sequence detection can reduce both the
cost and time, and can be afforded by ordinary laboratories.
UV–vis spectroscopy, which is available in most laboratories,
can complement the visually identified results of colloidal
gold. In addition, the developed assay can be applied to detect
specific sequences without the need of PCR amplification if
adequate sample is available.

4. Conclusion

A methodology for rapid (less than 10 min) and reliable
detection of specific sequences and nucleotide mismatch in
PCR-amplified and non-amplified DNA using aggregating
properties of 40 nm gold nanoparticles as colorimetric sensor
was developed. The assay was label free, required no surface
functionalization chemistry, detecting instrumentation and was
applicable for species assignment in food analysis. 40 nm

gold nanoparticles were prepared by a simple and easily
performable method. We demonstrated that ssDNA adsorbed
on these particles to stabilize them against salt-induced
aggregation. The characteristic pinkish-red color of these
colloidal particles was sensitive to the degree of aggregation
and was monitored by absorption spectroscopy, transmission
electron microscopy or simply by visual observation. The
method was applied for the first time to identify specific
sequences and mismatch in moderately processed mixed meat
for the authentication of species. Convincing evidence for the
authenticity of the visually observed results was produced by
absorption spectroscopy as well as electron microscopy. The
method successfully replaced some conventional analytical
methods, such as gel electrophoresis, RFLP, Southern blotting
or sequencing for the post-PCR analysis of PCR-amplified
DNAs. Thus the beauty of the developed assay was
its simplicity. We successfully identified swine DNA in
heterogeneous biological samples without the aid of any
instrument, even without PCR amplification.
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