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In this study, we developed a surface plasmon resonance (SPR) DNA biosensor method using surface-
anchored rolling circle amplification (RCA) and Au nanoparticles modified probes (AuNPs) to isother-
mally detect multiple point mutations associated with drug-resistance in multidrug-resistant Mycobac-
terium Tuberculosis (MDRTB). A set of probes contains an allele-specific padlock probe (PLP), a capture
probe and an AuNPs. The linear PLPs, circularized by ligation upon the recognition of the point mutation
on DNA targets, hybridize to the capture probes via the specific tag/anti-tag recognition. Upon
recognition each point mutation is identified by locating into the corresponding channel on the chip.
Then the immobilized primer (capture probe)-template (circular PLP) complex are amplified isother-
mally as RCA and further amplified by AuNPs. The RCA products immobilized on the chip surface cause
great SPR angle changes consequently. The 5 pM synthetic oligonucleotides and 8.2 pg uL™! of genomic
DNA from clinical samples can be detected by the method. The positive mutation detection is achieved
with a wild-type to mutant ratio of 5000:1. The method was demonstrated by targeting five clinically
meaningful mutations in MDRTB. Thirty clinical samples were identified and they were in good
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agreement with the results from sequencing.

© 2013 Published by Elsevier B.V.

1. Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis, remains
a global pandemic resulting in significant morbidity and mortality,
responsible for 1.4 million deaths and 8.7 million new cases in 2012
(World Health Organization, 2012). A steady drug-resistant increase
of M. tuberculosis has threatened TB control world-wide, despite
advancements in the diagnosis and treatment of TB over the years.
The multidrug-resistant M. tuberculosis (MDRTB) is defined as being
resistant to at least isoniazid and rifampin. The emergence and
spread of MDRTB pose an upward trend and represent an increasing
public health problem due to the HIV/AIDS pandemic which has
intensified the threat of TB (Diedrich and Flynn, 2011). Resistance
to anti-TB drugs is related to mutations affecting the function and/
or expression of chromosome-encoded targets (Ramaswamy
and Musser, 1998). Conventional culture-based method or sequence
analysis is reliable but relatively time consuming, laborious and
expensive (Veigas et al, 2010). Therefore, the development of a
simple, sensitive and low-cost method is important for the rapid
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detection of drug-resistance; it is a timely and effective way to
diagnose and manage TB patients, especially MDRTB cases.

SPR biosensor is a flow-through biosensor technology measur-
ing very small changes in refractive index on a noble metal surface
when mass bond to the surface (Homola, 2008). Because of its high
sensitivity of optical transducer, convenient operation and real-
time monitoring, it is applied to study variety of bimolecular
interactions including DNA, RNA, protein and peptides (Mannelli
et al,, 2006; Chu et al.,, 2007; Garcia and Goodman, 2008; Mitchell
and Lowe, 2009). In a SPR biosensor assay, the change of the
refractive index on the gold film correlates with the amount of
analyte bound to the film (Bailey et al., 2009). In most of SPR-based
DNA detection with high sensitivity, nucleic acid amplification is
adopted to amplify analyte mass, especially polymerase chain
reaction (PCR) (Jin et al., 2009; Wang et al., 2010, 2011). However,
the non-specific amplification from complicated thermal circling
step, non-compatibility with on-chip amplification and increase of
detection cost are still problems to be considered.

Focusing on the development of isothermal amplification
methods, such as RCA (rolling circle amplification), Lamp (loop-
mediated isothermal amplification) and HCR (hybridization chain
reaction), emerges for its simplicity in the detection of nucleic
acids (Zhang et al., 2009; Lee et al., 2010; Niu et al., 2010). RCA has
shown its attraction due to the specificity and multiplexing
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besides simplicity (Banér et al., 2001; Schweitzer and Kings
more, 2001). In a typical ligation-rolling circle amplification
(L-RCA) reaction, once the perfect hybridization of the linear PLPs
target-specific region occurs with the targets, the ligase seals the
nick and circularizes the probe. RCA is followed by mimicking
bacteriophage replication in vivo (Zhong et al., 2001). After
annealing of a forward primer to its complementary sequence on
the circular PLP, the DNA polymerase with displacement activity
extends this forward primer along the circular PLP for hundreds of
rounds leading to linear amplification. Up to 10° tandem repeats
of the PLP are generated under a constant temperature (Banér
et al., 1998). The L-RCA by ligase relies on base pairing principle
which requires perfect complementarity on the ligation nick. It not
only forbids the mismatch but also has a low occurrence of false
positive results when compared to PCR (Lizardi et al., 1998). When
used as a signal amplification method, this property enabled
high multiplexing without interference, direct amplification on
solid phase and precise product localization (Hatch et al., 1999 ).
Moreover, RCA amplifies the circular PLP only, without accumula-
tion of target templates over time, which minimizes the risk of
contamination and the potential biohazard. Besides, the nanopar-
ticle amplification method using the sandwich hybridization of
probes functionalized Au nanoparticles further enhances the
signal amplification of RCA. The Au nanoparticles binding to the
RCA products act as the electromagnetic field coupling with the Au
film to enhance the plasmon resonance excited by the incident
light, and improve the transduction of small changes in refractive
index on the chip surface media, thus improving the sensitivity of
SPR biosensor (Petryayeva and Krull, 2011).

Table 1
Oligonucleotides used in this study.

The key challenges in multiplex mutations parallel detection
include the design and selection of specific probes, precise localiza-
tion of multiplexing probes and unbiased signal amplification. In this
work, we presented a new strategy using the multi-channel SPR
biosensor array combined with the surface-anchored RCA and Au
nanoparticles signal amplification technique to identify multiple
point mutations in parallel. A multiplex assay was established to
target five mutations in MDRTB. The circular PLPs mixture generated
by the ligation in solution was added to the detection well to
hybridize with the capture probes via the specific tag/anti-tag
sequence. This process divides one multiplex assay into several
singleplex reactions in corresponding addresses on a sensor chip.
Surface-anchored RCA and AuNPs were followed to amplify the
hybridization signal twice and achieve low-abundant point mutation
detection. The sensitivity and specificity of the SPR method were
evaluated, and the application was also tested in clinical samples.

2. Materials and methods
2.1. Materials

All HPLC-purified oligonucleotide were synthesized by Sangon
Biotech (Shanghai, China) (Table 1). Phi29 DNA polymerase, exonu-
clease 1 and exonuclease III were purchased from New England
Biolabs (USA). The mixture of deoxyribonucleosides (dNTPs) and
Hhal restriction enzyme was from Fermentas (USA). Escherichia coli
DNA ligase and bovine serum albumin (BSA) were from Takara
(Dalian, China). Mercaptoethanol and dimethyl sulfoxide were from

Oligonucleotides Sequence(5'-3')

Padlock probes katG315 PTGGTGATCGCGTCCTGTATACGCTTCTTCGGTGCCCATGCGCTGCG-ACCT-CAGC-ATCG-ACCTGTCTAGACCTCGATGCAGG
(G-C)
inhA-15 pTCTCGCCGCGGCCGGGTATACGCTTCTTCGGTGCCCATGCGCGACC-ACCT-TGCG-ATCG-GGTAGTCTACAGACAACCTATCA
(C-T)
rpoB526 PGGTCAACCACGACAGCGGTATACGCTTCTTCGGTGCCCATGCGCTGCG-GGTA-CAGC-ACCT-ACCTGTCTAGTCGGCGCTGTA
(C-T)
embB306 PGCACAGGATGTAGCCGTATACGCTTCTTCGGTGCCCATGCGCCAGC-ATCG-GACC-GGTA-ATCGGTCTAGACTCGAGCCAA
(A-T)
rpsL43 PTCGGAGTGGTGGTGTACGTATACGCTTCTTCGGTGCCCATGCGCGACC-GGTA-TGCG-ACCT-GGTAGTCTAGAGTTCGGCTTCC
(A-G)
Capture probes Tagl HS-(CH3)6-(T)20AGGT-CGAT-GCTG-AGGT-CGCA
(katG315)
Tag2 (inhA- HS-(CH3)6~(T)20TACC-CGAT-CGCA-AGGT-GGTC
15)
Tag3 HS-(CH3)6~(T)20AGGT-AGGT-GCTG-TACC-CGCA
(rpoB526)
Tag4 HS-(CH3)6~(T)20CGAT-TACC-GGTC-CGAT-GCTG
(embB306)
Tag5 HS-(CH;)6~(T)20TACC-AGGT-CGCA-TACC-GGTC
(rpsL43)
AuNPs HS-(CH;)s-CGCTTCTTCGGTGCCCAT
Target sequences katG315 TGGCACCGGAACCGGTAAGGACGCGATCACCAGCGGCATCGAGGTCGTATGGACGAA
W)
katG315 TGGCACCGGAACCGGTAAGGACGCGATCACCACCGGCATCGAGGTCGTATGGACGAA
(ACC)
inhA-15 taccgatttcggeccggecgeggegagaTgataggttgtcggggtgactg
(ATG)
rpoB526 tcggggttgacccacaagegecgactgtTggegetggggeccggeggtct
(TAC)
embB306 GTCGGACGACGGCTACATCCTGGGCTTGGCCCGAGTCGCCGACCACGCCG
(GTG)
rpsL43 gcacccgegtgtacaccaccactccgaGgaagecgaactcggegettcgg
(AGG)

The allele-specific site in PLPs and the mutation site in targets are at the border. The italic bases in PLPs match the sequence underlined in targets, while the hyphened bold
bases (tag-sequence) match the sequence in capture probes, and “p” represents a phosphate at 5" end for ligation. The nucleotides substitutions within target-specific region
are in gray shading. The capture probes and AuNPs are modified with thiol group at 5' end for immobilization on the gold film.
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Sigma-Aldrich (St. Louis, MO, USA). Au nanoparticles synthesized by
citrate reduction of HAuCl, solution with an average diameter of
15 nm were obtained from JY Biotech (Shanghai, China). Phosphate
buffered saline (PBS) (0.15M NaCl, 10 mM phosphate, pH 7.2) and
Piranha solution (H0,:H,SO4=1:3) were prepared. All chemicals
employed were of analytical degree. Standard bacterial strains M.
tuberculosis (ATCC 27294) with inactivation that served as the source
of wild type M. tuberculosis genomic DNA were purchased from the
National Institute for the Control of Pharmaceutical and Biological
Products, China.

The preparation of 5’-oligonucleotide-modified Au nanoparti-
cles was performed as reported previously (Goodrich et al., 2004)
(Supplemental information; 1).

2.2. (Clinical samples and DNA extraction

Thirty-four clinical samples including sputum or urine (n=10)
and clinical isolates (n=24) were all collected from Southwest
Hospital (Chongqing, China). All were selected from the result of
drug-resistance test by BACTEC 460 system (Becton-Dickinson,
Spark, MD, USA), resistant to at least isoniazid and rifampin. The
sputum samples were firstly liquefied with an equal volume of
solution containing 0.5% N-acetylcysteine, 1.45% sodium citrate
and 2% NaOH and boiled for 5 min. After centrifugation the
precipitate was washed with 0.9% NaCl and resuspended. Clinical
isolates were lysed by vortexing a single fresh colony suspended in
90 pL TE buffer (10 mM Tris-HCl, 1 mM EDTA, and pH 7.5) with
50 mg of glass beads (Sigma) (Yao et al., 2010).

2.3. Fabrication of DNA biosensor

The SPR biosensor modified by our laboratory contained a polar-
ized light detection system, a sample-loading chamber, a micro-flow
system, a temperature control system and an eight-channel tandem
detection well. The sensor chip (20 mm x 28.6 mm) was supplied with
a thin gold film layer coated on the upside of glass prism substrate,
which formed by the thermal evaporation of gold to an average
thickness of 50 nm.

The capture probes were immobilized on the surface of the gold
film, which was performed as follows. The gold film of the sensor
chip was firstly rinsed with fresh piranha solution for 5 min, then
rinsed repeatedly with distilled water and sonicated in ethanol for
5 min, and finally dried with pure nitrogen gas. The immobilization
was conducted through the thiol method (Xia et al., 2008). The
five capture probes (1 uM) were respectively immobilized to five
different channels on the same SPR sensor chip.

2.4. Ligation in solution

Firstly, the PLPs (100 nM) were hybridized with the targets in
20 pL reaction mixture (30 mM Tris-HCI pH 7.8, 4 mM MgCl,, 10 mM
(NH4)2S04, 1.2 mM EDTA, and 0.1 mM NAD). It was denatured at
95 °C for 5 min and then cooled down to room temperature (For
clinical samples, the genomic DNA was denatured for 5 min in a
boiling water bath and then immersed in ice water immediately to
wait for hybridization.), and then incubated at 45 °C for 30 min,
before 5U of E. coli DNA ligase and 0.05% BSA were added to the
mixture and maintained at 37 °C in a water bath for 45 min. Then
exonucleolysis was introduced to remove the unligated PLPs and
excess linear oligonucleotides. This was performed in 40 uL volume
(67 mM glycine-KOH pH 9.5, 6.7 mM MgCl,, and 1 mM DTT) with
10U of each exonuclease I and exonuclease Ill. The mixture was
incubated at 37 °C for 30 min and terminated by heating at 95 °C for
5 min. Multiplexing was conducted by ligating the targets with the
mixture of five PLPs (final concentration 100 nM).

2.5. SPR biosensor real-time monitor

The whole detection procedure was performed under the
650 nm excitation wavelength at 37 °C, and the SPR angle changes
were recorded in real time monitoring. Ligation products (circular
PLPs) were piped into the detection well in hybridization buffer
(0.15 M Nadl, 0.3 M KCl, 10 mM phosphate, 0.005% Tween 20, and
pH 7.2) and allowed to anneal for 30 min. Then, the chip surface
was thoroughly rinsed by flowing through PBS to remove unhy-
bridized oligonucleotides on the chip surface and residues in the
pipeline. After that, 20 pL of RCA reaction mixture (0.5 U uL™!
Phi29 DNA polymerase, 1 mM dNTPs, 0.2 pgulL™! BSA, and 5%
DMSO) was piped into the detection well and circulated for a
period of time with a speed of 5 pL min~'. The resulting solution
was piped away by pump to terminate RCA. After equilibrium with
PBS for about 3 min, 20 uL of AuNPs with different concentrations
was added to incubate for 20 min.

3. Results and discussion
3.1. Probe design

To identify mutations in parallel, the high discriminatory
potential of PLP is of primary importance. Each PLP had the similar
length of appropriate 85 bp, consisting of four regions: a specific
tag-sequence, a general sequence, a restriction endonuclease
cutting site and a target-specific region on each detection arm
(Fig. 1A). The tag-sequence was composed of five tetramers such
that the full length of 20 nucleotide has the similar length
and melting temperature (T,,) (60 + 1 °C), while self-pairing or
hairpin formation was eliminated. The circular PLPs containing
tag-sequence hybridized with their immobilized anti-tag
addresses at 37 °C with minimal crosstalk to each other. Addition-
ally, we adapted asymmetric strategy to design target-specific
regions by shortening the 3' arm-complementary sequence, with a
corresponding lengthening of the 5 arm-complementary
sequence (Szemes et al., 2005). Thus the Ty, of the 5’ arm of the
PLP was 5-10 °C above the ligation temperature (37 °C), while the
Tm of 3’ arm was below the ligation temperature. The allele-
specific site was positioned at 3’ end of the PLP, which could be
strongly discriminated and provided more specificity than that at
5" end (Luo et al., 1996). This design could increase specificity since
it could make an equilibrium process between a bound and
unbound 3’ arm. We also investigated the nucleotide substitutions
(C>A or G>A) within the target-specific region of PLP to
circumvent consecutive C or G sequence and decrease the Ty,.
However, it was found that these substitutions did not noticeably
reduce the ligation efficiency, but avoided the secondary structure
on the binding arms. The capture probe containing anti-tag
sequence with an additional (T)o space linker at its 5 end
improved the accessibility of the DNA hybridization and intensi-
fied the signal on the chip surface. Based on the characteristics of
the designed probes, we introduced the probe sets into the
multiplex detection.

3.2. Principle of the RCA-based SPR multiplex mutations detection

In the RCA-based SPR detection, RCA was performed on the
chip surface through the capture probes that acted as an immo-
bilized primer. The detection procedure can be completed by three
steps: (i) the PLPs circularization upon the specific recognition of
point mutations on DNA targets in solution. (ii) Hybridization of
circular PLPs to the capture probes through tag/anti-tag recogni-
tion. (iii) Signal amplification by RCA and AuNPs in SPR real-time
monitoring (Fig. 1B). Therefore, from measuring the angle change
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Fig. 1. (A) PLP design. The PLP contains target-complementary sequence (T), general sequence (G) and tag sequence (Tag). Tag sequence is unique for each PLP and
complementary to the capture probe immobilized on the chip surface. The general sequence provides the repeats on the RCA products for AuNPs binding. “C’ means the
cutting site recognized by restriction endonuclease to remove the RCA products from the chip surface after the detection completed. (B) Schematic representation of the
proposed detection strategy. (C) Real-time detection of multiple point mutations by SPR sensor.

of SPR biosensor, target sequences could be identified. Further-
more, amplification characteristics could be evaluated continu-
ously with time. Compared with the chip-based ligase-mediated
RCA methods, the ligation performed in solution rather than on
sensing interface had better specificity and efficiency in mutation
discrimination (Melin et al., 2008). By integrating the liquid-phase

ligation with the multiplex surface amplification techniques, the
proposed method enabled both detection of multiplex mutations
in parallel with specificity and amplification of the readout pro-
cess to improve the sensitivity. The SPR angle change of each step
for monitoring the detection of point mutations is shown in
Fig. 1C.
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3.3. Optimization of experimental conditions

3.3.1. Effect of hybridization temperature

The hybridization between the two termini of PLP and target
was the key factor for ensuring the efficiency and specificity of
ligation reaction. A suitable hybridization temperature should be
determined to minimize the second structure of PLP and assure
the full hybridization. A series of hybridization temperatures was
evaluated by 10 nM mutant target and 100 nM PLP. As shown in
Fig. 2A, the maximum SPR angle change was observed at 45 °C
which was close to the T, of the PLP termini, while the angle
change of wild target was always low and changed scarcely. Hence,
we set 45 °C as the hybridization temperature for subsequent
experiments.

3.3.2. Effect of RCA duration

The duration of RCA was also investigated to obtain higher
sensitivity. In this experiment, the RCA duration was varied from
0 to 120 min with an interval of 10 min. The result showed that the
SPR angle change was time-determined within the reaction dura-
tion, however gradually slowing down when the time went
beyond 30 min, as it is shown in Fig. 2B. Since the length of DNA
strand generated by RCA was proportional to the RCA duration,
one would expect larger signal amplification from longer RCA
duration. Furthermore, the longer DNA strand would provide more
binding sites for the AuNPs. However, it was found that the
duration beyond 30 min did not yield more significant increase
of the signal (p > 0.05). This might be due to the reason that
the entangled RCA products hindered the hybridization with the
AuNPs, or that the equilibrium was reached. Therefore, the
optimum RCA duration was set as 30 min in the following
experiments.

3.3.3. Effect of AuNPs concentration

As a SPR phenomenon based detection, the Au nanoparticles
would improve the intrinsic sensitivity of SPR biosensor only
when the AuNPs were bound on the chip surface by hybridization
with the immobilized RCA products. A suitable AuNPs concentra-
tion should favor both the surface refractive index change and the
hybridization of AuNPs with the RCA products. As shown in Fig. 2C,
the SPR angle change increased with the AuNPs concentration up
to 8% (v/v), while the value of wild target was always changed
slightly. It might be contributed to the fact that the hybridization
reaction has reached saturation level or the augmentation of steric
hindrance in the three-dimensional space caused by redundant
AuNPs inhibited the hybridization. Moreover, the positive control
without AuNPs amplification was also conducted in the same
condition. The AuNPs (8% of concentration) enhanced the SPR
signal by approximately 2.1-fold compared with the positive
control. The magnification was more than the previous study with
the nanoparticles of 5 um diameter (Xia et al., 2008), and less than
the diameter of 5nm (Cai et al, 2011), which meant that the
magnification was related to the particle diameter, and the smaller
size of nanoparticles would produce larger SPR signal. It demon-
strated that the particle-particle separation distance and size
would affect the plasmon oscillations with a resonant frequency.
Therefore, 8% of AuNPs concentration was chosen as the optimal
working concentration.

3.4. Specificity of the RCA-SPR biosensor detection

The specificity of the proposed assay depended on two factors:
the ligation reaction in solution and the hybridization reaction on
the chip surface. Under the optimized experiment condition, four
experiments were carried out to validate the specificity. Fig. 3A
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Fig. 2. Optimization of experiment conditions. (A) Hybridization temperature on
SPR angle changes. (B) RCA duration on SPR angle changes. (C) AuNPs concentra-
tion on SPR angle changes. The concentration of PLP and its perfect-matched target
was 100 nM and 10 nM, respectively, in all experiments. RIU indicates refractive
index unit, 1millidegree SPR angle=10"> RIU. Error bars indicate the standard
deviation (n=5).

displayed the SPR angle changes from mutant target (red) and
wild type target (blue) using the synthesized katG gene sequence
with the same concentration of 10 nM. Corresponding control
experiments (target-free) were performed under the same proce-
dure as depicted in the experimental section. The angle change for
the mutant was (2031.6 + 116.9) x 10~ RIU, which was 104 times
higher than that of the wild type (only (19.5 +5.2) x 107 RIU)
with subtraction of the background value (control). The result
demonstrated that when the PLP hybridized with the single-base
mismatch target, neither the circularization reaction nor the
following amplification reaction occurred. The small angle changes
observed from the wild and control was attributed to the limited
RCA-free extension from the unligated PLPs.

The ligation reaction in solution was also evaluated by electro-
phoresis. In Fig. 3B, lane O represents the DNA marker (100-
1000 bp), lane 1 represents the ligation product from the mutant
target, and lanes 2 and 3 represent the ligation products from wild
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target and blank control (target-free), respectively. It was obvious
that the linear PLP (83 bp) only circularized in the presence of
mutant target, while no ligation products were obtained in the
presence of wild target or blank control, which indicated that the
ligation reaction was highly specific for discriminating mutant
target from wild. Subsequently, the resulting RCA products were
electrophoresed in a 1% agarose gel stained with SYBR Green II
dye. In Fig. 3C, lanes 2 and 3 represent the RCA products from
mutation targets without or with endonuclease digestion, and
lanes 1 and 4 represent the RCA products from blank control and
wild type targets, respectively. The bands after digestion (lane 3)
were of the same size as PLP (lane 5), which meant that the RCA
products were long ssDNA composed of multiple tandem repeated
copies of the PLP. The results of gel electrophoresis were consistent
with that of the SPR assay.

To further evaluate the specificity of our proposed assay,
the wild and the mutant targets were mixed together in a total

concentration of 100 nM with different mole ratios (9:1, 99:1,
499:1, 1000:1, 2000:1, and 5000:1). The PLP (100 nM) comple-
mentary to the mutant target was added. As shown in Fig. 3D, the
SPR angle change gradually slowed down with the decrease of
mutant target concentration. When the mole ratio was 5000:1
(the mutant target was 20 pM in the mixture), the average SPR
angle change was still significantly higher than that of the wild
type only (p<0.05), indicating that the proposed assay had
excellent capability of detecting the low-abundance mutation in
the large background of wild targets, which granted the assay
great potential in clinical applications.

To investigate the performance of the method in parallel mutation
identification, five synthesized mutation target sequences were used
to make their complementary linear PLPs circularized. Identification
of the different mutation sites into the corresponding channel on
chip depended on the specific tag sequence recognition between
capture probes and circular PLPs. The cross-reaction was investigated



448 Y. Xiang et al. / Biosensors and Bioelectronics 49 (2013) 442-449

3000 -
2500
2000
2500 { 1500 y =615.29x + 6861.4 ~}
= 1000 R? =0.9846 ‘}
2 500 a
X 2000 1 0l . . , . i
g -12 -1 10 oo m™® -8 -7 T
&
£ 1500 -
S
s h
£ 1000 - §
-4
o
7] E3
500 -
=3
P L £ peeeeem [ : . . .
N G [\ S N N [N N N & & 3
P S A A A N A A A I A
™ N 3 X 3 N @ N % N (3- A o

Concentration of target (M)

Fig. 4. The sensitivity assessment. The dashed line represents the threshold value. The inset displays the linear relationship between the angle changes vs. log concentration

of target sequence. Error bars indicate the standard deviation (n=5).

between the circular PLP and the non-specific capture probes to
evaluate the selectivity of the method for application to multiplexing
detection (Supplemental information; Fig. 1). The differences of SPR
angle change were significant between the specific pairs and non-
specific pairs (p <0.01), which showed great selectivity of the
capture probes on the sensor chip. The analysis demonstrated that
the cross-reaction between the circular PLP and the non-specific
capture probe was very low.

3.5. Sensitivity of the RCA-SPR biosensor detection

With the aforementioned optimizations, the relationship
between the SPR angle response and the concentration of mutant
target was investigated. The result showed that the SPR angle
changes were linear to the logarithm of the target concentration
from 107> M to 108 M (y=615.29x+1323.8, R>=0.9846) (Fig. 4).
The detection limit was set at 3-fold standard deviation (SD) more
than the blank, so the threshold was determined as (59.1 + 7.1) x
1075 RIU with the concentration of 5 x 10”'2 M. The measurements
were reproducible for all concentrations with relative standard
deviation less than 10% (n=5), suggesting an acceptable reprodu-
cibility. The SPR angle change increased remarkably with the
increase of target DNA concentration, while it increased scarcely
when the target DNA increased up to 1077 M. It was probably
due to the fact that the PLPs in solution had been completely
circularized, or that the high concentration of circular PLPs made
the capture probes on chip reach saturation level. The sensitivity
of the current assay was comparable or even exceeded the
reported similar methods, such as the RCA-based electrochemical
assay (0.1 nM) (Zhang et al., 2009); the ligation-mediated colori-
metric method (74 pM) (Li et al.,, 2005); the hybridization detec-
tion by SPR biosensor (20 pM) (Milkani et al., 2010) and the SPR
method with linker probes (5nM) (Rachkov et al., 2011). The
previous SPR method to detect M. tuberculosis without signal
amplification had a sensitivity of only 0.05pM (Duman and
Piskin, 2010). In our assay, under the optimum condition, RCA
amplified the SPR signal by almost 10-fold before the addition of
AuNPs, and the AuNPs enhanced the signal for another approx-
imate 2.1-fold compared with the previous RCA step. Thus, we
could conclude that the high sensitivity might be attributed to the
signal amplification by the combination of surface-anchored RCA
and AuNPs. Firstly, the surface-anchored RCA produced a large
ssDNA fragments immobilized on the chip surface to increase the
refractive index of the SPR biosensor. Then ssDNA products with

Table 2
Comparison of sequencing method and SPR biosensor method for parallel detection
of five point mutations.

Sequencing SPR biosensor Total

katG 315 inhA-15 rpoB 526 embB 306 rpsL 43

Mut Wt Mut Wt Mut Wt Mut Wt Mut Wt

Mut 23 1 13 0o 17 0 19 0 22 0
Wt 2 4 0o 17 1 12 1 10 0 8
Total 25 5 13 17 18 12 20 10 23 7 30

Mut: mutant type, and Wt: wild type.

thousands of tandem repeats provided a large number of binding
sites for AuNPs to hybridize, which enhanced the plasmon oscilla-
tion with an intensified resonant frequency, thus making signifi-
cant improvement to the sensitivity and dynamic range.

3.6. Detection of clinical samples

We applied this RCA-based SPR multiplexing assay to detect
five clinically meaningful point mutations: KatG 315 (AGC— ACC),
inhA-15 (ACG— ATG), rpoB 526 (CAC—TAC), embB 306 (ATG—
GTG) and rpsL 43 (AAG—AGG) in MDRTB genomic DNA from
clinical samples. Each sample was divided into two portions before
detection. One portion was used to confirm the genotype by
sequencing as a reference method, and the other was used for
SPR detection. Several local-specific mutant genotypes which were
not targeted by our designed PLPs were excluded (Supplemental
information; Table 1). Using the fixed concentration of multi-
plexing PLPs (100 nM), the detection limit was found to be
8.2 pguLl™! genomic DNA, which was sufficient for detecting
clinical samples. However, the detection of M. tuberculosis by
LAMP was reported with a sensitivity of 5 fg (Aryan et al., 2010).
The reaction is primed by three primer pairs leading to exponen-
tial amplification, while RCA is a linear amplification reaction.
The real-time PCR method also reached a high sensitivity as 10 fg
(Wada et al., 2004). Even so, RCA has advantages in resistance to
contamination, moderate reaction temperature, multiplex ability,
simple reaction schemes, label-free and real-time analysis. In our
test, one case of katG mutant type (315 ACC) sample was unde-
tected presumably due to failure of DNA extraction or the paucity
of target in the sample. Two cases of wild samples were
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inconsistently detected by the SPR method probably due to which
the testing DNA was not preserved appropriately leading to
contamination before detection (Supplemental information;
Table 2). Compared to the sequencing method, the sensitivity
and specificity of the SPR detection were 92% and 80%, respec-
tively, for katG 315; 100% and 100%, respectively, for inhA -15;
94.4% and 100%, respectively, for rpoB 526; 95% and 100%,
respectively, for embB 306; 100% and 100%, respectively, for rpsL
43 (Table 2). According to the Kappa test, p < 0.05, Kappa > 0.75,
there exists significant consistency between the two methods.

4. Conclusions

In the present work, we developed a new SPR method for
multiplex mutation detection based on surface signal amplification.
The high sensitivity and specificity of this method mainly attributed
to the high-fidelity of ligation, multiplexing characteristics of probes,
amplification potential of surface-anchored RCA and Au nanoparti-
cles, and intrinsically high sensitivity of SPR biosensor. This method
exhibited some practical features, such as speed (less than 5h
including DNA extraction), ease of use (entire steps on sensor chip
except for the ligation) and low power consumption (isothermal
reaction condition).We also demonstrated its application in parallel
mutation identification in clinical samples. Five drug-resistance
associated point mutations in MDRTB were targeted and identified
by the method with good consistency. Future studies will be carried
out to improve the multiplexing capabilities of the biosensor array
that can target more mutation sites associated with resistance of first
and/or second line anti-TB drugs. We eventually hope to extend this
platform to the detection of mutations associated with infection
disease, hereditary disorders and cancer. However, more detailed
work should be done before the clinical application.
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