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ABSTRACT

In this study, we developed a surface plasmon resonance (SPR) DNA biosensor array based on target-
primed rolling circle amplification (RCA) for isothermal and rapid detection of two pathogenic myco-
bacteria, Mycobacterium tuberculosis complex (MTBC) and Mycobacterium avium complex (MAC).The
species-specific padlock probe (PLP) was designed to target the sequence in 165-23S rRNA gene internal
transcribed spacer (ITS). After ligation, the circularized PLP could be primed by the target sequence to
initial RCA. The RCA performed simultaneously with the cleavage reaction to produce small fragments of
single strand DNA which immediately hybridized with the probe immobilized on the sensor chip without
denaturation. This process caused SPR angle changes on the chip surface, which made the detection for
analysis from the solution achievable, and dynamic real-time RCA monitoring of mycobacterium possible.
Besides, Au nanoparticles (AuNPs) were directly assembled onto the surface of the sensor chip via
hexanedithiol (HDT) for the enhancement of sensitivity as a label-free detection system. Experimental
results show that the signal enhancement by the target-primed RCA together with AuNPs-embedded
surface caused at least10-fold increased sensitivity as compared with conventional RCA on bare SPR chip
method. Within 40 min amplification duration as low as 20 amol of synthetic targets and 10 CFU mL~!
of genomic DNA from clinical samples can be detected. The proposed method not only provides a simple
design idea for liquid-phase amplification monitoring, but also apply it in clinical pathogen detection,
which holds great promise in ultrasensitive bioassay in the future.

© 2014 Published by Elsevier B.V.

1. Introduction

is time-consuming and highly false-negative. Rapid identification
of pathogenic bacteria can make earlier initiation of correct anti-

Mycobacterium tuberculosis complex (MTBC) and Mycobacter-
ium avium complex (MAC) are both genus Mycobacterium. MTBC
causes tuberculosis (TB) which is still a global pandemic resulting
insignificant morbidity and mortality. MAC belongs to non-
tuberculous mycobacterium (NTM), which is an opportunistic
pathogen causing tuberculosis-like lesions, and has been identified
as the second leading cause of death among HIV-positive patients
(Sharma et al., 2012). Unlike MTBC, MAC has its own resistance
pattern. The routine anti-TB treatment to the patients with MAC
infected would induce drug-resistance and lead to the failure of
treatments. Therefore, it is important to distinguish TB from NTM
disease by the pathogen detection. The conventional TB test relies
on sputum smear microscopy and culture-based methods, which
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microbial therapy possible at a lower cost. The recently developed
molecular biology techniques based on nucleic acid or antibody,
such as immunofluorescence (Kim et al., 2012), real-time PCR
(Causse et al., 2011), microarray method (Jia et al., 2012), improve
the sensitivity and specificity, but are laborious, expensive, re-
quiring sophisticated equipment and trained personnel. Thus, it is
necessary to develop a new diagnostic method that is easily ap-
plicable to allow specific and sensitive detection pathogens from
clinical samples.

Nucleic acid amplification is one of the most useful tools in
clinical diagnosis. So far, a number of new methods and technol-
ogies have been invented based on the polymerase chain reaction
(PCR) with high sensitivity. However, it also has drawbacks such as
the nonspecific amplification and non-compatibility with on-chip
amplification. Alternatively, recent developments in biotechnology
offer a wide variety of choices for nucleic acid amplification,
among which rolling circle amplification (RCA) is an increasingly
popular isothermal replication technology with high specificity


www.sciencedirect.com/science/journal/09565663
www.elsevier.com/locate/bios
http://dx.doi.org/10.1016/j.bios.2014.11.021
http://dx.doi.org/10.1016/j.bios.2014.11.021
http://dx.doi.org/10.1016/j.bios.2014.11.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2014.11.021&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2014.11.021&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2014.11.021&domain=pdf
mailto:zhengalpha@yahoo.com
mailto:weilingfu@yahoo.com
http://dx.doi.org/10.1016/j.bios.2014.11.021

Y. Xiang et al. / Biosensors and Bioelectronics 66 (2015) 512-519 513

and simplicity (Mothershed and Whitney, 2006). Conventional
RCA is a polymerase based reaction initiated by the circular tem-
plate and its primer, which generates a long ssDNA product
comprised of thousands of tandem repeats and complementary to
the circular template. As an isothermal amplification technology,
RCA does not require temperature cycling instruments, which
makes it special suitable for on-chip detection. By now, the target
quantitative analyses in many RCA-based assays have been
achieved by the quantification of the RCA products, such as the
fluorescence measurement, the nanoparticle based detection and
the enzyme linked assay (Li et al., 2010; Su et al., 2011; Wang et al.,
2014). However, most approaches need labeling, complicated
surface functionalization chemistry or multiple treatment
processes.

Surface plasmon resonance (SPR) is an optical detection tech-
nique that uses the reflection and refraction of light. SPR biosensor
is a surface-sensitive analytical technique based on the ability to
detect changes in the refractive index that are caused by the in-
teraction between an analyte and a biological recognizer im-
mobilized on the biosensor surface (Homola, 2008). Although,
combined with the intrinsic sensitivity of optical transduction,
many studies on the SPR-based pathogenic microorganism de-
tection could not achieve lower detection limit without pre-
amplification (Boozer et al., 2006; Duman and Piskin, 2010; Le-
caruyer et al., 2006; Rachkov et al., 2011; Stapleton et al., 2009). On
the other hand, in the most of the on-chip based SPR detections,
surface associated amplification or nano-tag probes are applied to
achieve higher sensitivity (He et al., 2014; Hu and Zhang, 2010).
However, according our previous study, the nucleic acid amplifi-
cation on solid surface is poor in chip regeneration and less re-
action efficiency compared to liquid-phase (Shi et al., 2014; Xiang
et al., 2013). If a new SPR method could be developed to real-time
monitor RCA in liquid-phase, many advantages could be achieved,
such as dynamic real-time detection, higher sensitivity, less time
consuming, resistant to contamination, lower power consumption,
markedly simplified procedure and suitable for multiplexing.

In view of the fact that gold nanoparticles (AuNPs) are the
promising nanomaterials explored for chemical and biological
sensing application, because AuNPs are easy preparation, inert
nature, favorable biocompatibility, high surface area, and espe-
cially suitable for binding of bimolecular due to thiol-gold asso-
ciation. AuNPs-coupled SPR biosensors have been investigated to
enhance the detections system, because AuNPs are known to in-
duce a considerable shift in the angle of plasmon resonance.
However, the direct labeling of nanoparticle to probes entails
cumbersome multi-step procedures and disrupts the accurate
measurement of kinetic constants, resulting in loss of the SPR
advantage in terms of label-free detection. AuNPs can excite the
surface plasmons to particle plasmons when nanoparticles are
embedded on the Au film. The AuNPs-based nanostructures
formed by a AuNPs monolayer depositing on a Au surface, can lead
to strong optical coupling of incident light to resonances, thus
enhance the sensitivity of a SPR biosensor (Chen et al., 2004).

Herein, the current study is directed to the development of a

Table 1
Sequences of oligonucleotides used in this study.

new biosensor method to rapidly and accurately identify two
common pathogenic mycobacteria in parallel, through the in-
tegration of liquid RCA reaction and SPR assay. The liquid-phase
RCA-cleavage reaction was designed to perform in the detection
cell inside the biosensor, which generated considerable small
ssDNA fragments immediately hybridizing with the probes im-
mobilized on the sensor surface without denaturation. Besides, we
directly assembled AuNPs onto SPR chip surface instead of labeling
them with probes in order to enhance the SPR signal as a label-free
detection system. The SPR angle change caused by the refractive
index change on the sensing membrane corresponds to the RCA
process. Thus, the liquid-phase RCA reaction can be dynamically
real-time monitored in a label-free manner. The sensitivity and
specificity of the SPR biosensor method were evaluated and the
method was applied to the detection of clinical samples.

2. Experimental
2.1. Reagents and materials

The oligonucleotides (Table 1) were synthesized by Sangon
Biotech (Shanghai, China). Escherichia coli DNA ligase, bovine ser-
um albumin (BSA), and DNA ladder markers (100-1000 bp) were
from TaKaRa (Dalian, China). Hhal restriction enzyme and the
mixture of deoxyribonucleoside triphosphates (dNTPs) were from
Fermentas (USA). Phi29 DNA polymerase and exonuclease I were
purchased from New England Biolabs (USA). AuNPs with an
average diameter of 15 nm were purchased from JY Biotech
(Shanghai, China). Hexanedithiol and dimethyl sulfoxide were
from Sigma Aldrich (St. Louis, MO, USA). Standard bacterial strains
M. tuberculosis (ATCC 27294), M. avium (ATCC25291) and Strepto-
coccus pneumoniae (ATCC 49619) with inactivation were from the
National Institute for the Control of Pharmaceutical and Biological
Products, China. Buffers used in the study: ligation buffer (30 mM
Tris-HCl pH 7.8, 4 mM MgCl,, 10 mM (NH4),SO4, 1.2 mM EDTA,
0.1 mM NAD) and RCA-cleavage reaction buffer (0.2 pg pr~! BSA,
5% DMSO, 50 mM Tris-HCI, 10 mM MgCl,, 10 mM (NH4),SO,4,
4 mM DTT, pH 7.5) were prepared. All chemicals were analytical
reagent grade and used as received.

The “P” represents a phosphate at the 5’ end for ligation. MTBC
target 2 is the single-base mismatch sequence compared to MTBC
target 1, and the mismatched nucleotide is underlined. The bold
bases in PLP sequences mean phosphorothioates.

2.2. Apparatus

The SPR biosensor modified by our laboratory including a po-
larized light detection system, a sample-loading chamber, a micro-
flow pump, a temperature control system and a four-channel cir-
culating detection cell was made by Cyto Trend Biotech En-
gineering (Beijing, China). Glass prisms coated with 50nm-thick
gold film on the upside were obtained from GP Medical Technol-
ogies (Beijing, China). The detection cell was in negative pressure

Oligonucleotide Sequence (5'—3’)

MTBC target 1
MTBC target 2
MAC target
PLP of MTBC
PLP of MAC
Probe of MTBC
Probe of MAC

GAGAGCCGGGTGCATGACAACAAAGTTGGCCACCAACACAC
GAGAGCCGGGTGCATGACAACAGAGTTGGCCACCAACACAC
GGCCCTGAGACAACACTCGGTCCGTCCGTGTGGAGTCCCTCC
P-TGTTGTCATGCACCCGGGTCTATATGTCTGTGCGACCTCAGCATCGACCTGCGCATTTTTAGTACTATGGTGGCCAACTT
P-GACGGACCGAGTGTTGTGTCTATATGTCTGCAGCATCGGACCGGTAATCGGCGCATTTTTAGTACTAGGGACTCCACACG
TGCGACCTCAGCATCGACCT(T)z0-(CH,)s-HS

CAGCATCGGACCGGTAATCG(T)20~(CH,)s-HS
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to form a sealed condition to assure the stability of the system
during reaction. The resolution of the scan angle was 0.55 m°
(milli-degree).

2.3. Fabrication of the AuNPs-embedded SPR sensor chip

A self-assembled monolayer (SAM) of hexanedithiol (HDT) was
performed by immersing a clean Au-coated chip (50 nm-thick)
glass prism into a freshly made 2 mM of HDT ethanol solution for
24 h at room temperature. After absorption, the Au chip modified
with HDT was thoroughly rinsed with ethanol and deionized
water to remove physically adsorbed HDT. Then, the HDT-modified
Au chip was exposed to a 10-fold diluted solution of colloidal
AuNPs in deionized water for 30 min in darkness at room tem-
perature to fabricate the monolayer of AuNPs on the HDT-modified
chip surface. After washing with deionized water, the AuNPs-as-
sembled SPR chip was dried with nitrogen gas (Moon et al., 2006).
A field emission scanning electron microscopy (LEO SUPRA 35;
Oberkochen, Germany) was employed to analyze the surface
morphology to make sure the AuNPs uniformly distributed over
the chip surface.

The probe was respectively immobilized onto the two different
channels of the same SPR sensor chip through the thiol method to
form the sensing membrane with nanostructure.

2.4. Target-primed rolling circle amplification

Firstly, 10 pL reaction buffer containing 0.1 pM linear PLP and
targets in interest were incubated at 40 °C with 2 U of E. coli DNA
for 30 min. After exonucleolysis by exonuclease I, the RCA-cleavage
reaction was conducted by addition of 1 U pL~"! Phi29 DNA poly-
merase, 1 U pL~! Hhal endonuclease and 1 mM dNTPs. For clinical
samples, the genomic DNA was denatured for 3 min in a boiling
water bath and immediately cooled in ice water before detection.

2.5. SPR real-time detection

The system was kept at 40 °C, and RCA reaction buffer was
piped into detection cell to equilibrate the chip surface. Then, the
RCA-cleavage reaction mixture was added to perform the ampli-
fication in the detection cell, which generated a large amount of
small ssDNA fragments directly hybridizing to the probes im-
mobilized on the chip. The SPR angle value was recorded all
through the amplification reaction. Under the excitation wave-
length of 650 nm, any change in the refractive index caused by
both the nucleic acid amplification and hybridization were mon-
itored in real time and converted into electrical signals that were
used to analyze the concentration of the targets.

3. Results and discussion
3.1. Operation principle and basic reaction style

The basic response mode of SPR biosensor is that the mass of
the molecules binding on the gold surface varies proportionally to
the refractive index change on the sensor surface. In this detection,
the liquid-phase RCA reaction was performed in the detection cell
and real-time monitored by SPR sensor. To improve the sensitivity,
HDT was used as a chemical linker for the formation of a mono-
layer of AuNPs to produce an active interface on the SPR chip
surface, which yielded increased surface area for site-specific
binding and the transduction of small refractive index change on
the sensing chip (Choi et al., 2008; Sanvicens et al., 2009). For that
the products of RCA are long and large nucleotide fragments, easily
form random cross-linking coils in solution and hinder the

hybridization, the RCA products need to be digested into small
fragments before hybridization on chip (Nilsson et al, 2002;
Smolina et al., 2004). However, to maintain a continuous reaction
and monitor the complete amplification process, RCA and diges-
tion reaction were designed to perform simultaneously. The se-
quence of 5'-GCGC-3’in ssDNA can be recognized by Hhal, through
the transiently formed double-stranded hairpin structures at a
relatively fast reaction speed (Reckmann and Krauss, 1987). Ac-
cording to this, we designed the cutting-site into the PLP sequence
to produce a large amount of repeated cutting-sites (5'-GCGC-3")
in RCA products. Meanwhile, in order to protect the circular PLP
from cleaving during the digestion, the cutting-site in the PLP was
phosphorothioated (Dean et al, 2001). Fig. 1A illustrates the
principle of the target-primed RCA-cleavage reaction-based AuNP-
embedded SPR assay. Upon the hybridization of PLP and its mat-
ched target, the two ends of PLP are joined through ligation,
locking the probe onto the target molecule. RCA is initiated by
turning the target molecule into a primer through 3’-5’exonu-
cleolysis of free 3’end of the target strand protruding beyond the
probe-recognition site. Combined with cleavage reaction by the
restriction endonuclease, the RCA can generate small ssDNA frag-
ments that directly hybridize with immobilized probes without
denaturation. Each PLP contains a unique code sequence, an en-
zyme cutting site, and two specific target-complementary se-
quences (Fig. 1B). When RCA is primed by the target, the generated
ssDNA sequence hybridize to the immobilized probes via the un-
ique code sequence recognition resulting in refractive angle
changes respectively, which are recorded in a real-time manner
and proportional to the target mass.

The typical SPR angle change during real-time monitoring of
the liquid-phase RCA by the modified SPR biosensor is shown in
Fig. 2. The reaction was triggered by the target samples, and an
enormous number of single-strand nucleic acid chains capable of
binding to probes immobilized on the gold films of the sensors
were generated by the extension, displacement and cleavage. The
fundamental angle (So) of the gold film was recorded when a
steady angle was obtained. Though the mass change would alter
the surface refraction index, biomacromolecules such as enzymes
and nucleic acids in the RCA system were expected to undergo
sudden movement such as mass transfer and exchange, which
would result in a dramatic change in the density and viscosity of
the reaction mixture (Park et al., 2007; Yamasaki et al., 2006). The
surface refraction index of the SPR sensor was not only sensitive to
the mass change on the surface of the gold film but also highly
sensitive to the changes in the properties of the reaction substance
(non-mass change). The coexistence of mass and non-mass
changes on the surface of the SPR sensor led to a slow rise (S;)
during the early stage of the reaction for that the non-mass change
was larger in the beginning. Only after the reaction had lasted for a
certain time that sufficient nucleic acid chains were generated to
maintain a steady angle increase on the sensor surface (S;). When
the angle increased to the extent that the probes were consumed,
it resulted in the plateau stage (S3). During the whole process, the
SPR signal stability of the blank channel (control) with buffer alone
was achieved with a signal range of + 6.7 m°, which compared to
the signal change of the positive channel (S5—Sp) was significant
(p < 0.05). Therefore, combined with the stable and sensitive SPR
sensor system, making use of the specially designed PLP, and in-
tegrating with the properties of enzyme reactions, we propose
here a new strategy for SPR detection of pathogenic
mycobacterium.

3.2. Optimizing the reaction condition

3.2.1. Effect of hybridization temperature
The ligation reaction, especially the hybridization between the
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two termini of PLP and the target, is the key to successful detec-
tion. A suitable hybridization temperature should be determined
to minimize the second structure in linear PLP and ensure the
efficiency and specificity of the ligation reaction. Herein, a series of
hybridization temperatures, varying from 25 °C to 55 °C with an
interval of 5°C, were investigated. As presented in Fig. 3A, the
maximum SPR signal of positive target was observed at 40 °C,
which was between the melting temperature of the two termini of
PLP (Szemes et al., 2005). When the hybridization temperature
continued to increase, the SPR angle changed unnoticeably. The
value of the control was always low and hardly changed in de-
tection period. Hence, 40 °C was chosen as the hybridization
temperature in all the following experiments.

3.2.2. Effect of RCA-cleavage reaction time

A careful choice of the reaction time endpoint is critical for the
liquid-phase RCA-based SPR method. Since, the length of DNA
strand generated from RCA is proportional to the reaction time,
and the refractive index change is proportional to the mass of
products bound on the sensor chip surface, one would expect a

larger SPR angle change from longer reaction time. However, as
the result showed in Fig. 3B, if the amplification time is too long,
the angle changes for various DNA initial concentration approach
similar values, thus it is difficult to distinguish between two dif-
ferent initial concentrations. On the other hand, for too a short
reaction time, the angle change of low initial concentration is too
small to detect. To establish the optimal reaction time we analyzed
the correlation coefficients between the initial concentrations of
DNA targets and the angle change at varying amplification times.
We used a linear curve fitting of different endpoint data to find the
maximum correlation coefficients of the response curves, which
are listed in appendix (Table 1). It was found that the time of
around 40 min could get the maximum correlation coefficient
(R*=0.957). These results demonstrated that the analysis can
provide more rapid but also quantitative detection of
amplification.

3.2.3. Effect of exonuclease

During the target-primed RCA, the target strand can first act as
a template for circularizing the linear PLP and then prime RCA.
This approach can avoid topological inhibition, increase replication
efficiency and simplify the operation as well (Cheng et al., 2008;
Larsson et al., 2004). Though, any 3’ end strand of the target that
protrudes beyond the probe-recognition site can be removed by
the 3’—5’ exonucleolytic activity of the Phi29 polymerase, until
the enzyme can use the circularized probe to template the RCA
reaction, it is found that the longer distance of the free 3’ end of
the target to the probe-recognition site, the less dominance of the
enzyme in polymerase activity (Larsson et al., 2004). Furthermore,
the excess unlighted PLP would hinder the hybridization on the
sensor chip and decrease the detection efficiency. Exonuclease [
degrades only ssDNA in a strict 3'—5’ direction (Hafner et al.,
2001). To ensure the 3’ end of target close to the probe-recognition
site, which was required to initiate more efficient target-primed
RCA, we used exonuclease I to remove the free 3’ end strand
protruding beyond probe-recognition site and remove the excess
linear oligonucleotides. However, to maintain a sealed reaction
system, exonuclease I was directly added to the system along with
RCA mixture. To avoid suppressing the amplification followed,
optimizing of the exonuclease reaction was necessary. Various
concentrations of exonuclease I and incubation time were eval-
uated against the SPR angle changes as shown in Fig. 3C. The
concentration of 0.2 U puL~! exonuclease I was found to produce
the best amplification effect. A higher concentration of exonu-
clease I decreased the SPR signal, which might be attributed to the
degradation of linear products. A lower concentration also de-
creased the signal, probably because the excess linear oligonu-
cleotides would hinder the hybridization reaction, or that the 3'-5’
exonucleolytic activity of the Phi29 polymerase was in dominance
leading to the reduced DNA yield. The influence of the exonuclease
reaction time was also studied. As shown, by increasing the re-
action time up to 15 min, SPR signal increased and then leveled off
for longer reaction time. Therefore, 0.2 U pL~" of exonuclease I
and 15 min were proposed as the optimum exonuclease reaction
condition for detection.

3.3. Specificity of detection

To evaluate the specificity of the method, we compared the SPR
angle changes caused by MTBC target DNA with those caused by
mismatched oligonucleotide strands. Corresponding control ex-
periments (in the absence of target DNA) were performed under
the same condition as negative control. The targets were from
MTBC, MAC and single-base mismatch of MTBC with the same
concentration of 100 pM. The results indicated that the SPR angle
change from MTBC targets (350.6 +22.6 m°) was significantly
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higher than that of MAC targets (36.1 + 4.6 m°) and single-base
mismatch of MTBC (40.4 + 2.3 m°) demonstrating that the pro-
posed method can distinguish non-specific target even single-base
mismatch, due to the high specificity of ligation and hybridization
reaction (Fig. 4A). The small angle change observed from the
mismatched target could be attributed to the limited RCA-free
extension of mismatched strands from the unligated PLP (Banér
et al,, 2001; Yao et al., 2013).

We also verified the specificity of the ligation reaction by the
characteristic electrophoretic migration in 1% agarose gel elec-
trophoresis. In Fig. 4B it was observed that the linear PLP (80bp)
ligated to circular only in the presence of MTBC targets, and that
the linear moved a little faster than the circular. The products of
RCA reaction were analyzed by electrophoresis as well. In Fig. 4C
the polymerization products (lane 1) were too large to enter the
gels, but the identity was achieved by restricting digestion to small
fragments (lane 2) with the same size to that of PLP (lane 5). This
verified that the RCA products were composed of multiple re-
peated copies of PLP. The results demonstrated that the small
ssDNA could be produced in a specific sequence-dependent
manner and the ligation reaction was highly specific for single-
base discrimination, which indicated the high specificity of the
presented method.

3.4. Sensitivity of detection

To evaluate the sensitivity of this method, we investigated the
relationship between the concentration of ITS gene from MTBC

and the SPR angle change. As shown in the inset of Fig. 4A, the SPR
angle change increased when the target concentration increased.
The blank control and the negative control (10~°M DNA target
from MAC) were also tested, but yield angle barely changes. The
SPR angle change versus the logarithm of target concentration
showed linearity in the range from 10""'M to 10°’M
(y=241.0x+2739, R2=0.993). The detection limit was estimated as
1 x 10~ M (about 20 amol target sequence) with S/N=3. There-
fore, it features close to attomolar sensitivity. When the target
concentration was further increased to 10~° M, no significant in-
crease in the SPR signal was observed (p > 0.05). The reason might
be that the probes immobilized on the chip surface were satu-
rated, or that high mass transfer rates within the medium were
directed to the sensor surface (due to high concentration differ-
ence - “the driving force”), which prevented complete hybridiza-
tion and caused less mass accumulation (means low relative re-
fractive index) (Homola, 2008). To investigate the precision of the
proposed assay, relative standard deviation (RSD) was determined
by measuring SPR signal in different concentrations with five re-
plicates. The RSD values for all concentrations were less than 10%
suggesting an acceptable reproducibility. The sensitivity was 4 or-
ders lower than that of the directly detected M. tuberculosis using
SPR biosensor without amplification (Duman and Piskin, 2010),
also superior to the sensitivity of detection on bare chip as well as
the conventional ligation-RCA based electrochemical detection
previously reported (Vi et al., 2014; Zhang et al., 2009).
Furthermore, the sensitivity of the target-primed RCA on
AuNPs-embedded SPR chips and conventional RCA on bare chip
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for detection of MTBC target was compared in order to investigate
the signal enhancement. As observed in Fig. 4A, the signal from
the target-primed RCA on AuNPs-embedded chip at the con-
centration of 10~ M was 83.1 m°, whereas it did not reach the
threshold value with conventional RCA on bare chip, and neither
reached the threshold value at the concentration of 10~ ' M.
However, the former resulted in a 161% higher SPR signal increase
compared to the latter at the concentration of 10~ '°, which was
compatible with the 10-fold enhancement in the detection sensi-
tivity. This enhanced sensitivity was probably due to the following
facts: first, the higher reaction efficiency from the target-primer
RCA avoiding the process of primer annealing to the circular
template; second, the design of performing RCA and enzyme di-
gestion simultaneously to generate small ssDNA fragments that
could directly hybrid with probes without denaturation; third, the
coupling of the localized surface plasmon of the AuNPs with the
propagating plasmon in the Au chip surface enhanced the SPR
signal change in bimolecular interactions (Ko et al., 2009; Lyon
et al,, 1998). Besides, the AuNPs-based nanostructure on the chip
surface increased the sensing membrane area for site-specific
binding of bimolecular and reduced the steric hindrance of
hybridization.

3.5. Detection of bacterial genomic DNA

After proving the specificity and sensitivity of the target-
primed RCA based SPR method, we applied it to detect genomic
DNA from M. tuberculosis and M. avium with the above optimiza-
tion. Serially diluted genomic DNA (10°-10° CFU mL~!) was ana-
lyzed to obtain the response SPR angle change. As shown in
Fig. 5A, the detection limit of M. tuberculosis and M. avium were

42x10*CFUmML™" (0.005ngpL™ ') and 3.7 x10*CFUmL™'
(0.002 ng pL— 1), respectively, as the SPR angle changes were
98 + 10.1 m° and 89.4 + 8.2 m°. The linearity of SPR angle was
observed from 10 CFUmL~! to 108 CFUmL~! with a regression
coefficient of 0.987 for M. tuberculosis and 0.983 for M. avium. We
expected this analytical sensitivity of our proposed method to be
sufficient for detecting mycobacterium genomic DNA from clinical
samples. This sensitivity was comparable with or even exceeded
the DNA-based detection platforms reported previous, such as the
gold nanoparticle based colorimetric detection (1.875ng uL™!)
(Liandris et al., 2009), the helicase amplification detection with
electrochemistry (0.01 ng pL=!') (Torres-Chavolla and Alocilja,
2011), and the nanoparticle-based SPR  detection
(7 x 10° CFUmL™ ") (Joung et al., 2008). Even though there were
reported loop-mediated isothermal amplification (Lamp), quanti-
tative PCR and PNA-based methods for M. tuberculosis detection
with higher sensitivity (Li et al., 2014; Prabhakar et al., 2008; Sales
et al., 2013), the RCA-SPR method proposed in this study provided
a label-free, real-time monitoring, cost-effective and low power
consumption detection without the complicated primers design or
the possibility of high false positive rate.

Cross-reaction was also investigated between the target and
non-specific probes to evaluate the selectivity of the method for
application to multiplex detection in clinical samples. The tested
genomic DNA was from M. tuberculosis, M. avium and S. pneumo-
niae with concentrations of 10° CFU mL~!. Multiplex detection
was performed by adding the two PLPs (final concentration
0.1 pM) in the mixed samples. As shown in Fig. 5B, the difference
in the SPR angle change between the specific and non-specific
pairs was significant which meant the non-specific cross-reaction
was very low. This is mainly attributed to the unique code
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Fig. 5. (A) The sensitivity assessment of RCA SPR method applied to genomic DNA detection. (B) Cross-reaction of the M. tuberculosis, M. avium and S. pneumoniae genomic
DNA detected by the RCA SPR method. The dashed line represents the threshold value. Error bars indicate the standard deviation (n=5).
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sequence carried in the PLP with a similar length and melting
temperature values while self-pairing or hairpin was eliminated
was complementary to the probe immobilized on the sensor chip.
That ensured the hybridization can be performed in the same
condition as well as high selectivity.

We further detected genomic DNA from clinical samples in-
cluding sputum, urine and cerebrospinal fluid by the proposed
method, and verified it by PCR (appendix 2). Among 24 cases of
positive clinical samples, one sample was inconsistence with the
PCR method, which was mostly due to the failure of DNA extrac-
tion or the low concentration of target DNA (less than
10% CFU mL™!) in the samples. All the negative samples showed
consistent results by both methods. The result demonstrated that
the developed method could be successfully used for myco-
bacterium detection of real genomic DNA from clinical samples.

4. Conclusions

The target-primed rolling circle amplification in liquid-phase
can be real-time monitored with AuNPs-embedded SPR sensing
method, which is achieved to multiple detection of mycobacter-
ium genomic DNA via hybridization analysis of ITS gene. The new
method takes advantage of the specificity of padlock probes, the
simplicity of target-primed RCA, the combination of RCA and di-
gestion reaction, and the enhanced sensitivity of AuNPs-em-
bedded SPR sensor, providing improved detection limit with high
fidelity. Because the real-time RCA monitoring allows a closed-
tube diagnostic format, it also minimizes the risk of false-positive
results via cross-contamination and simplifies operations. Fur-
thermore, the proposed method detects target by measuring the
refractive index difference capable of achieving real-time label-
free monitoring of nucleic acid amplification at constant tem-
perature to amplify DNA to a detectable level, which is more time-
efficient, lower power consumption and less volume of sample
used. Considering these merits, it will find more potential for ap-
plication of variety of biorelated markers in genetic research and
field diagnosis in third world countries.
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