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Abstract
A new biosensing method is presented to detect gene mutation by integrating the MutS protein from bacteria with a fiber optic
particle plasmon resonance (FOPPR) sensing system. In this method, the MutS protein is conjugated with gold nanoparticles
(AuNPs) deposited on an optical fiber core surface. The target double-stranded DNA containing an A and C mismatched base
pair in a sample can be captured by the MutS protein, causing increased absorption of green light launching into the fiber and
hence a decrease in transmitted light intensity through the fiber. As the signal change is enhanced through consecutive total
internal reflections along the fiber, the limit of detection for an AC mismatch heteroduplex DNA can be as low as 0.49 nM.
Because a microfluidic chip is used to contain the optical fiber, the narrow channel width allows an analysis time as short as
15 min. Furthermore, the label-free and real-time nature of the FOPPR sensing system enables determination of binding affinity
and kinetics betweenMutS and single-base mismatched DNA. Themethod has been validated using a heterozygous PCR sample
from a patient to determine the allelic fraction. The obtained allelic fraction of 0.474 reasonably agrees with the expected allelic
fraction of 0.5. Therefore, the MutS-functionalized FOPPR sensor may potentially provide a convenient quantitative tool to
detect single nucleotide polymorphisms in biological samples with a short analysis time at the point-of-care sites.
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Introduction

Single nucleotide polymorphism (SNP) is the most common
form of genetic mutation and occurs at a specific position in a
genome with a change in single nucleotide base (A, C, G, or
T). Most types of SNPs do not have detrimental effects on

health, but some certain types have been known to increase
the risk of developing pathological conditions, including can-
cers such as bladder cancer [1] and hereditary nonpolyposis
colon cancer [2], sickle cell anemia [3], coronary heart disease
[4], and autoimmune diseases [5]. Therefore, accurate detec-
tion of SNPs plays an essential role in prophylaxis, early di-
agnosis, and determination of proneness of thousands of sin-
gle gene disorders, and then choice of a proper therapy.

SNP detection technologies in general fall into two catego-
ries: SNP discovery and SNP screening. SNP discovery in-
cludes SNPs that are not yet known.Most methods to discover
and genotype SNPs rely on sequencing which includes early
sequencing methods and next-generation sequencing methods
such as pyrosequencing, bridge amplification, ligase-
mediated sequencing, and real-time single-molecule sequenc-
ing [6, 7]. These methods are reliable but suffer from short-
comings such as complicated procedures, time-consuming,
and requiring expensive equipment and professional operator.
Therefore, it is important to develop fast, simple, and inexpen-
sive SNP screening methods. SNP screening pertains to
known SNPs and requires prior knowledge of the sequence.
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In terms of an important application, the noninvasive pre-
natal testing (NIPT) is a less invasive screening approach to
detect prenatal chromosomal disorders. Considering that cho-
rionic villus sampling and amniotic fluid testing may result in
miscarriage, NIPT is an important option for pregnant women
who are at increased risk for trisomy 21, 18, and 13. There are
two main methods of NIPT: the massively parallel sequencing
method and the selective amplification of only a specific re-
gion of the target chromosome and then performing next-
generation sequencing (NGS) [8]. However, there is still in-
sufficient data to detect fetal monogenic point mutation dis-
eases especially when the mother is a heterozygous carrier.
Relative haplotype dosage (RHDO) analysis should be used
to distinguish and quantify haplotypes linked to the mutation
site of a gene. However, polymerase chain reaction (PCR)-
based NGS has significant fault in RHDO [9]. In this research,
focusing of direct quantitative detection of SNP could contrib-
ute the accuracy in RHDO of NIPT.

Currently, the reported SNP screening methods can be
mainly classified into two groups: hybridization-based
methods and enzyme-assisted methods. For hybridization-
based methods, the discrimination step relies on the difference
in hybridization free energy between the mutant and wild
type, which is typically small for perfectly matched and
single-mismatched duplex. Enzyme-assisted discrimination
in general is more selective and often further enables DNA
amplification. Among the many enzyme-assisted methods,
PCR remains to be the gold standard. However, PCR requires
high-precision thermal cycling, limiting its use in rapid SNP
analysis. Moreover, PCR is also susceptible to contamination
and amplification bias, limiting its accuracy in quantitative
analysis. Other enzyme-assisted methods based on primer ex-
tension reaction [10], nucleases [11, 12], DNAzymes [13],
ligases [14], and DNA mismatch-binding protein [15, 16]
have been reported. Although many of these methods offer a
high level of SNP discrimination, those in the form of the
homogeneous assay are not suitable for routine clinical labo-
ratory while the other heterogeneous assays either display in-
sufficient sensitivity and/or require a sophisticated setup or
time-consuming amplification procedure.

The high specificity of the biological interaction between a
DNAmismatch-binding protein, MutS protein, and a mismatch-
containing heteroduplex DNA has been exploited for the detec-
tion of SNPs [17, 18]. In Escherichia coli, DNAmismatch repair
is initiated by the binding of the MutS protein to base-pair mis-
matched DNA [19]. It has been suggested that MutS is capable
of inducing DNA bending upon mismatch recognition in the
presence of adenosine and subsequently undergoes conforma-
tional transitions that promote its interaction with MutL to signal
repair [20]. The affinity of mismatch binding may depend on the
MutS origin, mismatch type, and the sequence context [21]. It
has been found that the order of affinity of MutS for all possible
DNA mismatches was G-T >G-G>A-A ≈T-T ≈C-T >C-A>

G-A>C-C >G-C [22]. Hence,MutS proteins have been consid-
ered a promising probe to detect mismatched double-stranded
DNA (dsDNA). Therefore, the integration of the MutS protein
with a label-free and real-time biosensor could create a simple
and rapid method to detect SNPs. Recently, many biosensors for
SNPs based on MutS protein have been developed, including
fluorescence biosensor [23], voltammetric biosensor [24–26],
electrochemical impedance (EIS) biosensor [27–29], field-effect
transistor (FET) biosensor [30], quartz-crystal microbalance
(QCM) biosensor [31], surface plasmon resonance (SPR) biosen-
sor [15, 32], and nanoplasmonic biosensor [16, 33]. However, it
is challenging to realize a compact and low-cost biosensor sys-
tem that can detect SNPs in a label-free and real-time mode.
Furthermore, these reports have not provided the details about
biochemical information including equilibrium binding constants
and binding kinetic constants between a mismatched heterodu-
plex DNA and the MutS protein.

Herein, a label-free and real-time biosensor was developed
for the detection of SNPs using a fiber optic particle plasmon
resonance (FOPPR) sensing system [34] based on MutS-
conjugated gold nanoparticles (AuNPs) that have been
immobilized on an unclad section of an optical fiber. The
principle of our method for detection of SNPs is based on
nanoplasmonic absorption by AuNPs via fiber optic evanes-
cent wave excitation, by which the evanescent field at the fiber
core surface excites the particle plasmon resonance (PPR) of
immobilized AuNPs. When the MutS protein on the AuNP
surface interacts with a mismatched heteroduplex DNA, the
absorption coefficient of the AuNP increases because the local
refractive index (RI) at the AuNP surface increases, leading to
a decrease of light intensity exiting the optical fiber [35, 36].
Because the light propagates in the fiber core by virtue of
consecutive total internal reflection (TIR), the multiple TIRs
increase the optical path length and the excitation of guided
modes in TIR greatly enhances light/matter interaction [37],
resulting in significant increase in sensing sensitivity [34, 38].
Such an intensity change has been demonstrated to have a
linearity relationship with the RI change. Thus, the increase
of local RI due to biomolecular binding events can also be
interrogated by this biosensing scheme. The FOPPR sensing
technique offers the opportunity to measure biomolecular in-
teraction in real-time with high sensitivity and without the
need of labeling.

In this method, MutS was conjugated with AuNPs on the
fiber core surface of an optical fiber as a sensor fiber for testing
single-base mismatched DNA. A sample solution consisting
of single-base mismatched double-strand DNA (dsDNA) was
produced by hybridization between a single-strand DNA
(ssDNA) detection probe (ssDNAd) and a single-base mis-
matched single-strand DNA target (ssDNAt). A reference so-
lution consisting of the perfectly matched dsDNAwas formed
by hybridization between ssDNAd and the perfectly matched
ssDNA (ssDNAc).When the sample or reference solution was
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injected into a sensor chip containing the sensor fiber, the
interaction between MutS with the single-base mismatched
dsDNA or perfectly matched dsDNA, respectively, was re-
corded in form of a sensorgram. Such a real-time sensorgram
also facilitates the determination of equilibrium binding con-
stant and binding kinetic constant between the MutS protein
and a single-base mismatched dsDNA.

β-Thalassemia is an inherited blood disorder that reduces the
production of hemoglobin and is caused by a point mutation of
human hemoglobin subunit beta gene (HBB gene). It is highly
prevalent, with 1.5% of the global population reported to be
carriers across the world [39]. β-Thalassemia is caused by a
single point mutation possibly not only in codon-26 (Glu→
Lys; GAG→AAG) but also in IVS-II-654 (C→T), codon-41/
42 (-TCTT), codon-28 (A→G), codon-17 (A→T), and many
others [40]. As MutS binds to AC mismatch heteroduplex
DNA with relatively low affinity [22, 41], we chose codon-26
as a model in this study to ensure that the method is applicable to
other kinds ofmismatches. By applying this method to a series of
ssDNAt standards to construct a calibration graph, rapid and
quantitative detection of SNPs is achieved.

Materials and methods

Materials and reagents

All reagents were used as received. (3-Mercaptopropyl)-methyl-
dimethoxy silane (MPDMS) was purchased from Tokyo
Chemical Industry. Hydrogen tetrachloroaurate (III) trihydrate
(HAuCl4·3H2O) and trisodium citrate were purchased from
Alfa Aesar. 11-Mercaptoundecanoic acid (MUA), 6-mercapto-
1-hexanol (MCH), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimine hydrochloride (EDC·HCl),
2-(N-morpholino)ethanesulfonic acid (MES), magnesium chlo-
ride (MgCl2), and dithiothreitol (C4H10O2S2) (DTT) were pur-
chased from Sigma-Aldrich. 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) was purchased from
ACROS. Ethanolamine (C2H7NO), and trisodium citrate, 2-ami-
no-2-(hydroxymethyl)propane-1,3-diol (C4H11NO3) (Tris) was
purchased from J.T.Baker. Ethanol (C2H5OH) and toluene
(C6H5CH3) were purchased from Honeywell Burdick &
Jackson.MutS protein from Thermus thermophiluswas obtained
from Excellgen (EG-198). This protein (12 μg/μL) was supplied

in a storage buffer (20 mM HEPES, pH 7.4, 250 mM NaCl,
0.1 mM EDTA, 1 mM DTT, 50% glycerol). A reaction buffer
containing 20 mMTris-HCl, pH 8.0, 10 mMNaCl, 1 mMDTT,
0.1 mM EDTA, and 2 mM MgCl2 was prepared for MutS in
subsequent experiments. Ultrapure water (18.2 MΩ·cm) was pu-
rified byMilli-Qwater system (Millipore) and used to prepare all
aqueous solutions. The RI of the solutions was measured by a
refractometer (RA-620, Kyoto Electronics).

Three oligonucleotides were purchased from GENEWIZ
with sequences of the oligonucleotides as summarized in
Table 1. The single-strand DNA detection probe (ssDNAd)
was used to form homoduplex with the single-strand target
DNA having a complementary sequence (ssDNAt,c) and het-
eroduplex with the single-strand target DNA having a single
mismatched base (ssDNAt,m).

Gold nanoparticle synthesis

In total, 20 mL of hydrogen tetrachloroauric (III) trihydrate
acid solution with a concentration of 0.88 mM in a two-neck
round-bottom flask was heated to boiling with vigorous stir-
ring for 20 min. Then, 2.4 mL of a fresh 1% trisodium citrate
solution was rapidly added in the boiling solution. The
resulting solution was kept boiling for 20 min and the color
changed from yellow to burgundy red. The solution was then
allowed to cool down to room temperature while kept stirring.
The spectrum of the AuNP solution was obtained by a double
beam UV-visible spectrometer (Cintra202, GBC). The peak
wavelength of the AuNP solution was at about 519 nm. The
images of the AuNPs were obtained by a transmission election
microscope (TEM, JEOL JEM-2010). As shown in Fig. S1 of
Supplementary Information (ESM), the AuNPs are spherical
in shape, and the particle size of the gold nanoparticles calcu-
lated from the TEM image is 13.1 ± 1.0 nm. The average
hydrodynamic diameter of the AuNPs was estimated to be
16.6 nm by using dynamic light scattering (DLS), as shown
in Fig. S2 of ESM.

Fabrication of sensor fibers

The optical fibers used as the FOPPR sensor fibers are multi-
mode plastic-clad silica fibers (model F-MBC, Newport) with
core and cladding diameters of 400 and 430 μm, respectively.
The total length of each optical fiber was 70 mm with a

Table 1 DNA sequences used in the experiments

Type DNA sequence

ssDNA detection probe (ssDNAd) 5′-NH2-AAAA AAA AAA TGCC CAG GGC CTC ACC ACC AAC TTC-3′

Mismatched target ssDNA (ssDNAt,m) 5′-GAA GTT GGT GGT AAG GCC CTG GGCA-3

Perfectly matched target ssDNA (ssDNAt,c) 5′-GAA GTT GGT GGT GAG GCC CTG GGCA-3′
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segment of 20 mm of the coating and cladding in the middle
section of the fiber removed by using a CO2 laser processing
system (V-460, Universal Laser Systems Inc.) to form a sen-
sor zone. The fiber end faces were polished to an optically
smooth surface to facilitate light coupling.

The partially unclad fibers after cleaning by an oxygen
plasma cleaner (Harrick Plasma, PDC-001) were immersed
in a mixture of 2%MPDMS in toluene for 4 h to functionalize
the fiber surfaces with a thiol group. Subsequently, the mod-
ified fibers were immersed in a AuNP solution for 6 min to
allow the AuNPs to self-assemble on the sensor zone of the
optical fibers. The AuNP surfaces on the fibers were then
modified with a mixed self-assembled monolayer (SAM) of
MUA/MCH by immersing the fibers in an ethanolic solution
of MUA (0.4 mM) and MCH (1.6 mM) overnight at ambient
temperature. Subsequently, the carboxyl group of the mixed
SAM was activated by immersing the fibers in an aqueous
solution of EDC (0.1 M) and NHS (0.025 M) in MES buffer
(50 mM, pH = 6.2) for 1 h. Then, a solution of MutS protein
(1 μg/mL) in 20 mM HEPES buffer (pH 7.8) was allowed to
react with the activated carboxyl group on the AuNP surfaces
for 2 h. Finally, the unreacted carboxyl group was deactivated
by immersing the fibers in ethanolamine (1 M) for 30 min.
These partially unclad fibers after modification with AuNPs
were then used as the sensor fibers.

Preparation of standards and samples

Stock solutions of ssDNAd, ssDNAt,c, and ssDNAt,m were
prepared in a reaction buffer with a concentration of 10−6 M.
Series dilution of the stock solutions of ssDNAt,c and
ssDNAt,m was carried out to prepare ssDNAt,c standard solu-
tions and ssDNAt,m standard solutions, respectively, with a
concentration ranging from 5 × 10−7 to 5 × 10−10 M. Then,
100 μL each of ssDNAt,c and ssDNAt,m standard solution
was mixed with 100 μL of ssDNAd solution (10−6 M) for
hybridization and allowed to stand at 4 °C for at least 3 h to
form GC homoduplex and AC heteroduplex, respectively.

All the specimens in this study have passed the institutional
review boards of National Cheng Kung University Hospital,
and the patients signed the consent forms. The specimens
were 20 mL of whole blood from pregnant women in the
hospital. The whole blood samples were first centrifuged at
1850×g at 4 °C for 10 min, and separated into plasma, white
blood cells, and red blood cells from top to bottom. In this
study, we only keep the white blood cells for DNA extraction.
The DNA was extracted by the QIAamp DNA blood maxi kit
(Qiagen, 51192). The white blood cells were collected in a
50.0-mL tube and mixed with 500 μL protease K and 6 mL
AL buffer. The tube was flipped upside-down 15 times and
vortexed for another 1 min, then incubated for 10 min at
70 °C. After incubation, the sample was mixed with 5 mL
ethanol (> 96%) and the tube was flipped upside-down 10

times, then all of the solution was transferred to a QIAamp
Maxi column. Afterwards, 5 mL AW1 buffer and 5 mL AW2
buffer were added sequentially and the solution was centri-
fuged for 1 min and 15 min, respectively, at 4500×g to wash
the samples. In the end, 1 mL AE buffer was added and the
solution was allowed to stand for 5 min and then centrifuged
for 2 min at 4500×g for DNA elution.

The eluted DNA then underwent PCR amplification using
the PyroMark PCRmaster mix (Qiagen 978703) kit. The total
volume of each PCR procedure was 25.0 μL, containing
12.5 μL Pyromark PCR master mix, 0.5 μL codon 17–26
forward primer (10 mM), 0.5 μL codon 17–26 reverse primer
(10 mM), extracted DNA fromwhite blood cell (0.2~20.0 ng),
and then adjusted with nuclease-free water to 25.0 μL. The
primers used were as follows: forward = 5′ GGA GAA GTC
TGC CGT TAC TGC 3′; reverse = 5′ GCC TAT CAG AAA
CCC AAG AGT C 3′. The PCR procedure was started with
15 min denature at 95 °C, then amplification was achieved by
thermal cycling for 40 cycles with denaturation at 94 °C for
30 s, annealing at 60 °C for 30 s, and extension at 72 °C for
30 s. Final extension was performed at 72 °C for 10 min and
then cooled to 12 °C. The PCR product was 161 bp in length,
quantified by Qubit 2.0 fluorometer with Qubit dsDNA BR
assay kit (Invitrogen), and was then stored at − 20 °C until use.

Fabrication of sensor chips

The sensor chips were fabricated according to the method
previously described [42]. Briefly, the sensor chips were com-
posed of two polycarbonate plates, a cover and a bottom plate,
with dimensions of 2.5 cm (width) × 5.0 cm (length) × 0.2 cm
(thickness) and fabricated by an injection molding machine.
The bottom plate contained a microchannel with a depth of
800 μm and a width of 800 μm to accommodate a sensor
fiber. The cover plate contained two small access holes as an
inlet and an outlet for sample introduction. The cover and the
bottom plates were glued by a 3M sticker to form a sensor
chip. Teflon tubing was then attached to the chip through both
the inlet and outlet. The free volume of the microchannel was
estimated to be 10.3 μL.

The biosensor system employed was similar to that in our
previous research [43]. As shown in Fig. 1, it consists of a
light-emitting diode (LED, model IF-E93, Industrial Fiber
Optic, Inc.) with a peak wavelength of 530 nm, a LED driver
circuit to drive the LED with 1-kHz frequency modulation
(homemade), a sensor module, a photodiode (S1336-18BK,
Hamamatsu), a photoreceiver amplification circuit (home-
made), a power supply (PMT-D1V100W1AA, Delta
Electronics), a signal acquisition module (NI-9234, National
Instruments), and a graphical user interface programmed by
LabVIEW® (National Instruments). The sensor module con-
sists of a chip holder to load a sensor chip and a sample
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injection loop (Rheodyne 7725i) to load the sample into the
sensor chip.

Quantitative analysis is performed by comparing the nor-
malized transmitted light intensity through the sensor fiber
(I/I0) in the form of a molecular binding kinetic curve [44],
where I0 is the light intensity exiting the sensor fiber which is
immersed in a blank and I is the real-time light intensity
exiting the same sensor fiber when immersed in a sample.
The system monitors the real-time light intensity signal level
changes on a second-by-second basis. A calibration curve is
set up by plotting the sensor response, ΔI/I0, where ΔI = I0 -
IS and IS is the steady-state light intensity in the sample, versus
log concentration of the analyte. IS is calculated as an average
of 100 steady-state data points in the signal calculation win-
dow prior to the next step of sample injection. In case a sig-
nificant long-term baseline drift of the system due to environ-
mental effects such as dramatic room temperature change and
power supply instability is observed, a home-written baseline
correction algorithm programmed by LabVIEW® (National
Instruments) would be used to correct the signal from the
baseline drift [45]. The real-time signals I were also used to
calculate the equilibrium affinity constant and kinetic rate
constants [44].

Results and discussion

Scheme 1 shows a schematic illustration of the label-free
FOPPR sensor for the MutS protein-mediated mismatched
dsDNA recognition. The surface of immobilized AuNPs on
the fiber core surface was first treated with a binary mixed-
thiol mixture consisting of carboxyl (-COOH) terminated thiol
and hydroxyl (-OH) terminated thiol. This architecture allows
bioconjugation of MutS protein on the AuNP surface using
the -COOH group and utilization of the -OH moiety on the

AuNP surface to cover the space under the MutS molecules to
minimize nonspecific adsorption of perfectly matched dsDNA
and other matrix molecules.

Selectivity of the sensor

Before testing the ability of MutS to bind heteroduplexes con-
taining single-base mismatches, we first tested whether this
molecule was capable of binding homoduplexes. In diagnostic
applications, a specific analyte must be detected in the pres-
ence of a relatively high amount of nonspecific species. As
MutS binds to ACmismatch heteroduplex DNAwith relative-
ly low affinity [22, 41], we employed codon-26 with an AC
mismatch as a model and a GC homoduplex as a nonspecific
species in this study.

As shown in Fig. 2, the sensor response due to nonspecific
binding in the presence of 10−6 M ssDNAd plus 10−6 M
ssDNAt,c is indistinguishable from the blank signal I0. This
indicates that there is insignificant interference from high con-
centration of the homoduplex DNA. However, in the presence
of 10−8 M ssDNAt,m plus 10−8 M ssDNAd, the sensor re-
sponse due to the binding of MutS with the heteroduplex
DNA had well detectable change (ΔI/I0 = 0.215%). As the
optical fiber is placed in the microfluidic channel of a sensor
chip, the narrow channel width reduces the molecular trans-
port time to the sensor surface and thus shortens the response
time [46]. The response time of this specific biointeraction,
which is defined as the time required to reach 90% of the
signal change, is 900 s. Please note that all the refractive indi-
ces of the blank, AC heteroduplex DNA solution, and GC
homoduplex DNA solution as measured by a refractometer
were the same at 1.3330, indicating that the change in sensor
response is not due to bulk RI difference between the blank
and the analyte solutions but rather due to the molecular bind-
ing at the AuNP surface to cause local RI change. Therefore,

Fig. 1 Schematic representation
of the experimental setup used for
the FOPPR sensing system and its
working principle. The setup
consists of (A) power supply, (B)
LED driver and photoreceiver
amplification circuit, (C) LED,
(D) sensor chip, (E) photodiode,
(F) signal acquisition module, and
(G) computer
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we can confirm that the measured signal change is caused by
the specific binding between the MutS protein and the mis-
matched dsDNA formed by hybridization between ssDNAt,m

and ssDNAd.

Sensitivity of the sensor

The sensitivity of the sensor was determined by employing a
MutS-functionalized sensor fiber in response to solutions of
AC heteroduplex DNA of increasing concentration in a sensor
chip. Themicrochannel in the sensor chip was firstly filledwith a
reaction buffer as a blank. Then, solutions of AC heteroduplex
DNA of increasing concentration (5 × 10−10 M~5 × 10−7 M)
were sequentially introduced into the microfluidic channel. For
each injection, the introduced fluid was kept in the microchannel
of the sensor chip for 15 min in static mode. As shown by a
representative sensorgram in Fig. 3A, the steady-state signal in-
tensity (IS) for each injection decreases with increasing concen-
tration of AC heteroduplex DNA. In detail, the inset of Fig. 3A
shows a zoomed-in view of the sensorgram to indicate that after
the steady state of molecular binding has been reached, IS in the
signal calculation window as indicated by the solid-line box is
calculated. Then, the valve of the sample injection loop was

turned on; this action may induce a release of liquid pressure in
the microchannel and causes a very small increase in light inten-
sity signal. Subsequently, the sample in a syringe was injected
into the sensor chip via the sample injection loop and the duration
between turning on the valve and sample injection could vary.
Molecular binding at the AuNP surface is then revealed by the
molecular binding kinetic curve. Similar calculation applies to I0.
Using the values of IS and the corresponding concentrations, a
standard calibration curve (n = 5) as shown in Fig. 3B can be
constructed. The linear regression equation of the plot is y =
0.01899 + 0.00201x, and the correlation coefficient (r) is
0.9981. The linear dynamic range is about three orders. For this

Scheme 1 Schematic illustration of the surface architecture and the biosensing strategy using MutS protein-conjugated AuNPs that have been
immobilized on a fiber core surface for interaction with dsDNA having a single-base mismatch

Fig. 2 A real-time sensorgram showing the responses of a sensor fiber in
a reaction buffer (a) followed by injection of a solution containing a
perfectly matched DNA formed by 10−6 M ssDNAd (b) and 10−6 M
ssDNAt,c and then (c) a solution containing a mismatched DNA formed
by 10−8 M ssDNAd mixed with 10−8 M ssDNAt,m

Fig. 3 (A) A sensorgram in response to solutions of different
concentrations of AC heteroduplex DNA. (a) to (f) represent the hetero-
duplex DNA concentration of (a) 5 × 10−10 M, (b) 5 × 10−9 M, (c) 2.5 ×
10−8 M, (d) 5 × 10−8 M, (e) 2.5 × 10−7 M, and (f) 5 × 10−7 M. Inset: a
zoomed-in view of the dashed-line box where the data calculation win-
dow is indicted by the solid-line box. (B) The corresponding calibration
curve (n = 5)
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biosensing system, the root-mean-square background noise is
0.0053% per 200 s when normalized to I0. From the calibration
curve, a limit of detection (LOD) at the definition of signal-to-
noise ratio of 3 for the mismatched dsDNA is calculated to be
4.9 × 10−10 M. This LOD is superior or comparable with other
kinds of label-free MutS-based biosensors including QCM bio-
sensor [31], EIS biosensor [28, 29], and FET biosensor [30].
Recently, we have demonstrated that the sensitivity can be fur-
ther enhanced by several orders using a nanogold-linked
biosorbent assay in the FOPPR biosensor [43, 47].

Determination of binding affinity and kinetics

The availability of analytical techniques that can detect native
biomolecular interactions without prior knowledge of the se-
quence and interferences from labels like fluorescent and ra-
dioactive probes is desirable for studying of SNPs. The real-
time FOPPR kinetic data provide opportunities to examine the
nature of biomolecular interactions without labels and deter-
mine molecular binding affinities and kinetics of the binding
events [34, 42, 44]. Using an approach as previously de-
scribed [44], the association rate constant (ka) and dissociation
rate constant (kd) for the binding between the immobilized
MutS protein and AC heteroduplex DNA are (4.39 ± 0.64) ×
105 M−1 s−1 and (5.95 ± 3.03) × 10−3 s−1, respectively. The
ratio between kd and ka reveals the dissociation equilibrium
constant (KD) of MutS to AC heteroduplex DNA, which was
found to be 14.2 ± 8.9 nM. These calculated values of ka, kd,
and KD agree reasonably well with previously reported values
by fluorescence (ka = 6 × 106 M−1 s−1, kd = 0.05 s−1, KD = 10–
20 nM) [48] and single gold-bridged nanoprobe (ka = 2.97 ×
106 M−1 s−1, KD = 4.46 nM) [33].

Method validation with clinical specimens

To demonstrate the accuracy and precision of the method for
SNP detection using human genomic DNA, we used tem-
plates isolated from white blood cells in whole blood samples.
One genomic DNA is heterozygous from a patient and another
genomic DNA is homozygous from a healthy person. As
shown in Fig. 4A, the sensor response (ΔI/I0) of a MutS-
functionalized sensor fiber in a sample solution of AC hetero-
duplex from a patient shows a value of 0.15%. Using the
calibration curve as shown in Fig. 3B, the average concentra-
tion (n = 3) of the AC heteroduplex before dilution is estimat-
ed to be 82.3 ± 1.7 nM, with a coefficient of variation (CV) of
2.1%. This indicates that specific binding reaction occurs be-
tween the AC heteroduplex and the MutS protein. On the
other hand, Fig. 4B shows that in the presence of a sample
solution of a healthy person (GC pair), the signal is indistin-
guishable from a blank. This further confirms the specificity
of the biosensor for real samples.

To evaluate the accuracy and precision of the method for
clinical specimens, the concentration of the AC heteroduplex
in the PCR sample from the patient was compared to the total
DNA concentration in the PCR sample, which was found to
be 17.3 ± 2.2 μg/μL. As such, the heterozygous sample gave
allelic fraction of 0.474 ± 0.010, which agrees reasonably well
with the expected allelic fraction of 0.5. This indicates the
good accuracy and precision of the method.

Conclusions

We have demonstrated the feasibility of using MutS-
functionalized FOPPR sensor for label-free and real-time de-
tection of single-base mismatched dsDNA in the PCR sample.
The biosensing method is rapid, highly sensitive, and easy to
operate, and requires small sample volume. Thanks to the
advances in photonics and electronics, LED and photodiode
are quite cheap nowadays, while the signal modulation and
demodulation hardware are not difficult to be implemented by
a single electronic board. Thus, the development of commer-
cial low-cost instrumentation for this biosensing method is
very possible.

The LOD for AC heteroduplex DNA obtained by this
method is 0.49 nM and the analysis time excluding sample

Fig. 4 (A) A sensorgram obtained with a heterozygous PCR sample from
a patient. (B) A sensorgram obtained with a homozygous PCR sample
from a healthy person. The arrows indicate the injection time. Each inter-
val in the y-axes is 3 mV
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preparation is short (≤ 15 min). As MutS binds to AC mis-
match heteroduplex DNA with relatively low affinity, it is
expected the LOD would be even lower for G-T, G-G, A-A,
T-T, and C-T heteroduplex DNAs because the order of affin-
ity of MutS for all possible DNA mismatches was G-T >G-
G > A-A ≈ T-T ≈ C-T > C-A > G-A > C-C > G-C [22, 41].
Moreover, validation of the method using a heterozygous
PCR sample from a patient exhibits results reasonably agree
with the expected allelic fraction of 0.5. Therefore, the FOPPR
sensor may potentially be used quantitatively to detect SNPs
in biological samples with a short analysis time at the point-of-
care sites.
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