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Prasong Khaenamd and Chaniya Leepiyasakulchai *a

Tuberculosis (TB) is ranked as the top killer among infectious diseases worldwide. Early and accurate

diagnosis of the disease is crucial to end the global TB epidemic. The current commercially available

molecular tests are still unaffordable by most TB affected communities. Herein, we developed a novel

rapid and sensitive diagnostic method to detect the IS6110 sequence of Mycobacterium tuberculosis (M.

tuberculosis) complex using PCR-magnetic bead ELISA. PCR amplification ofa 123 bp repetitive

sequence of the IS6110 gene was performed by using digoxigenin (DIG) and biotin-labelled primers.

Streptavidin-conjugated magnetic beads were used to collect the dual-labelled amplicons and

subsequently, colourimetric detection was done by using horseradish peroxidase (HRP)-conjugated anti-

DIG antibody. This method is able to detect M. tuberculosis DNA down to 0.5 fg per reaction within 3

hours. The sensitivity of IS6110 PCR detection by magnetic bead ELISA is 100 times higher than that of

conventional agarose gel electrophoresis. The assay specificity was determined using a panel of DNA

extracted from 10 common bacteria causing lower respiratory tract infections. No cross-reactivity was

detected from those bacteria by IS6110 PCR-magnetic bead ELISA. Thus, the novel highly sensitive and

specific, reduced assay time and simplicity of this PCR-magnetic bead ELISA for the detection of the

specific gene of M. tuberculosis complex makes it an attractive diagnostic tool for large-scale screening

of tuberculosis in standard clinical laboratories.
Introduction

Tuberculosis (TB) is a major public health catastrophe with 1.6
million worldwide deaths in 2016.1 Despite the fact that TB is
preventable and curable, it is still standing as the leading cause
of death by communicable diseases.2 According to the World
Health Organization (WHO), only 6.3 million new cases were
reported in 2016 despite 10.4 million estimated incidences.1

The signicant improvements in diagnostic method develop-
ment of TB during recent years led to the endorsement of
GeneXpert MTB/RIF and GeneXpert MTB/RIF ultra for detection
of M. tuberculosis, by WHO.3 Gene Xpert MTB/RIF is a real-time
PCR-based amplication technique for simultaneous detection
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of an M. tuberculosis-specic gene as well as gene mutations
related to the rifampicin (RIF) resistance within 2 h.4 However,
the implementation of GeneXpert assay for detection of M.
tuberculosis in resource-limited countries is hindered especially
due to its high-cost as well as the requirements of a stable
electrical power supply and maintenance.5,6 Therefore, detec-
tion of TB in resource-limited high TB burden countries relies
mainly upon the poor sensitive sputum smear microscopy.7

Thus, the development of rapid, sensitive and cost-effective
diagnostic method is the utmost important to narrow down
the substantial gap in the detection of TB.

The IS6110 is an insertion sequence belongs to the IS3 family
and 10–16 copies of this repetitive sequence are exclusively
present in the most strains of M. tuberculosis complex, the
causal organisms of TB in human.8 The polymerase chain
reaction (PCR) amplication of IS6110 sequence has been
successfully applied for the detection ofM. tuberculosis complex
from the various types of clinical specimens.9–11 However, the
lower sensitivity of agarose gel electrophoresis, the commonly
used method for the detection and visualization of PCR prod-
ucts, is the limitation of conventional PCR amplication.12

Quantitative PCR amplication technique offers the real-time
quantitation of target nucleic acids during PCR reaction cycles
overcoming the laborious post-PCR detection methods.13
This journal is © The Royal Society of Chemistry 2018
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However, real-time amplication requires the expensive PCR
machine with integrated detection modules.14

Alternatively, enzyme-linked immunosorbent assay for col-
ourimetric detection of DIG-labelled PCR amplicons (PCR-
ELISA) was developed for the detection of pathogenic microor-
ganisms in the past decades.15–17 PCR-ELISA methods allow the
semi-quantitative detection of DNA on a large number of
samples simultaneously.18 In standard PCR-ELISA assays, target
specic biotinylated probes immobilized on the streptavidin-
coated microtiter plate are used to hybridize the DIG-labelled
PCR amplicons. The detection of the colourimetric signal is
accomplished aer incubation with the peroxidase-conjugated
anti-DIG antibody and the colourimetric substrate.19 PCR-
ELISA technique is a sensitive, specic and less expensive
method for semi-quantitative detection of PCR products.20

However, the requirement of laborious and time-consuming
hybridization steps are considered as the limitation of the
conventional PCR-ELISA method.

An improved and optimized PCR-ELISA method was intro-
duced by Kobets et al. for the detection and quantication of
Leishmania parasites from tissue samples. The assay could
detect 0.3 fg of Leishmania DNA per reaction which is corre-
sponding to 0.004 parasites within 7 h aer DNA preparation.21

The assay was designed to overcome the laborious hybridization
step by using biotin and DIG-labelled primers in the PCR
amplication.21 However, the method still required an over-
night coating of a microtiter plate with streptavidin and longer
incubation time to capture the biotinylated PCR amplicons to
the streptavidin-coated wells of a microtiter plate.

Magnetic particles have been applied in a wide variety of
biomedical applications due to their properties of the high
surface area to volume ratio, stability, fast kinetic processes and
high response rate to the external magnetic eld.22–26

Streptavidin-conjugated magnetic beads are widely used for
selective isolation of biotinylated target molecules from the
complex suspension of biomaterials since the binding of
streptavidin to biotin exhibits the strongest noncovalent inter-
action with the dissociation constant as much as 10�15 M.27,28

In the present study, taking advantages offered by the
multiple copies of the repetitive IS6110 sequence, we developed
a sensitive method for detection of M. tuberculosis complex
using PCR and magnetic bead ELISA. Biotin and DIG-labelled
IS6110 specic primers were used in PCR reaction. The ampli-
ed products were enriched by using streptavidin-conjugated
magnetic beads. Subsequent colourimetric detection was
directly done on the bead-bound amplicons without any
pretreatments such as plate coating and blocking steps, allow-
ing a shorter turnaround time compared to standard PCR-ELISA
assay.

Method
DNA samples

M. tuberculosis DNA samples extracted from the reference strain
(H37Rv, ATCC 27294) and clinical isolate were obtained from
Tuberculosis Research Laboratory, National Center for Genetic
Engineering and Biotechnology, and Department of Medicine,
This journal is © The Royal Society of Chemistry 2018
Khon Kean University, Thailand. For assay specicity testing, 10
bacteria (Klebsiella pneumoniae, Streptococcus pneumoniae, Aci-
netobacter baumannii, Acinetobacter lwoffii, Pseudomonas aeru-
ginosa, Escherichia coli, Corynebacterium diphtheriae, Moraxella
catarrhalis and Staphylococcus aureus and Enterobacter aero-
genes) commonly recovered from the lower respiratory tract
infections were tested. All the bacteria were sub-cultured and
maintained in the Department. The bacteria were grown in the
Luria–Bertani broth (LB) medium at 37 �C overnight. DNA
extraction was performed using Quick-gDNA MiniPrep (Zymo
Research, CA, USA) DNA extraction kit following the manufac-
turer's instruction. The DNA concentration of all Mycobacteria
and non-Mycobacterium bacteria were measured with the
Nanodrop 2000 (Thermo Scientic, Wilmington, USA).

PCR amplication

PCR amplication was performed with IS6110 specic forward
primer 50-DIG-C6-CCTGCGAGCGTAGGCGTCGG-30 and reverse
primer 50-biotin-C6-CTCGTCCAGCGCCGCTTCGG-30, where C6

is the 6-carbon spacer to reduce the possible steric hindrance
(Pacic Science Co. Ltd, Bang Bumru, Thailand).29 The optimal
concentration of each DIG and biotin-labelled forward and
reverse primer was determined by varying the concentration of
primers from 80 to 200 nM per reaction. One nanogram of M.
tuberculosis (H37Rv) was used as a template in PCR amplica-
tion. The optimization of primer concentration is the critical
step in the PCR-magnetic bead ELISA assay since the excess
biotin-labelled reverse primer in the PCR amplication can
compete with the biotin-labelled PCR amplicons for the strep-
tavidin coated on the magnetic beads. The optimal concentra-
tion of each forward and reverse primer was selected as 160 nM
since the amplied products obtained from this primer set is
comparable to that obtained from 200 nM (ESI Fig. S1†).

A total of 25 ml reaction was set up with 1� Go TaqGreen
master mix (Madison, Wisconsin, USA), 160 nM of each forward
and reverse primers, and 1 ml of DNA template. PCR reaction
was carried out with initial denaturation at 94 �C for 2 min,
followed by 30 cycles of 15 seconds at 94 �C, 45 seconds at 64 �C
and 30 seconds at 72 �C and then one-step of nal extension at
72 �C for 1 min. PCR products were separated on 2% agarose gel
pre-stained with GelStar nucleic acid stain (Rockland, ME, USA)
at 100 V for 30 min. Then, IS6110 specic 123 bp amplicons
were visualized by using Gel Doc™ EZ System (Hercules, CA,
USA). Band intensities of amplicons were measured using the
volume tool of Image Lab soware, version 5.2.1 (Hercules, CA,
USA).

Magnetic bead ELISA

DNA products obtained from PCR amplication were detected
by the magnetic bead-based colourimetric enzyme substrate
detection system. Briey, Sera-Mag SpeedBead blocked strep-
tavidin particles (1.0 mM diameter) (GE Healthcare, UK) were
washed twice in 1� phosphate buffered saline (PBS) with 0.5%
tween 20 with the aid of an external magnet. PCR amplicons
were diluted to 5% concentration with binding buffer contain-
ing 2% bovine serum albumin (BSA) in PBS. Then, the diluted
RSC Adv., 2018, 8, 33674–33680 | 33675
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Fig. 1 Schematic illustration of PCR-magnetic bead ELISA. The component enclosed in the dashed balloon was elaborated in the lower panel.

Fig. 2 Optimization of magnetic bead ELISA. Different concentration
of magnetic beads (5, 10 and 15 mg) and PCR amplicons (5% and 10%)
were incubated with 50 ml of anti-DIG-HRP (20 ng ml�1) for 30 min
and colourimetric detection was done to determine the optimal
concentrations of magnetic beads and PCR amplicons. One nanogram
of M. tuberculosis (H37Rv) DNA and molecular biology grade water
were used as template in the PCR amplification of positive and
negative control samples respectively.
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PCR amplicons were added to the washed magnetic beads and
incubated for 15 min with gentle rotation to capture the bio-
tinylated PCR amplicons on the magnetic beads. Aer that, the
bead-bound amplicons were washed two times with the aid of
an external magnetic eld. Thereaer, 50 ml of HRP-conjugated
mouse monoclonal anti-DIG antibody (Ab 6212, Abcam, UK)
diluted with 0.5% BSA in deionized water to get a nal
concentration of 20 ng ml�1 was added to the amplicons bound
to the magnetic beads and incubated at room temperature for
30 min. The beads were then washed for 4 times with washing
buffer (0.5% tween in 1� PBS) to remove unbound excess HRP-
33676 | RSC Adv., 2018, 8, 33674–33680
conjugated antibodies. Fiy microliters of TMB substrate
(Merck, Billerica, MA, USA) was added and incubated in the
dark for 30 min to develop the colour. Finally, 50 ml of TMB stop
solution (BioLegend, San Diego CA, USA) was added to stop the
colour reaction. The external magnet was used to hold the
magnetic beads and supernatant was collected. The optical
density was measured at 450 nm using BioTek Synergy HTX
multi-mode microplate reader (Winooski, VT, USA).
Statistical analysis

The absorbance values were imported to GraphPad Prism
version 7.00 (GraphPad Soware Inc, La Jolla, CA, USA) and
linear regression analysis was done to observe the relationship
between the DNA concentration and absorbance values.
Samples are regarded as positive for the IS6110 gene when the
absorbance values are above the cut-off value derived from the
average absorbance + 3 standard deviation (SD) of no template
control samples.
Results and discussion
Scheme design

Herein, a rapid and sensitive PCR-magnetic bead ELISA was
developed for M. tuberculosis detection. The schematic illus-
tration of the developed assay is shown in Fig. 1. PCR ampli-
cation of the IS6110 sequence was performed with target-
specic forward and reverse primers modied with DIG and
biotin respectively. Streptavidin-conjugated magnetic beads
were used not only to capture the biotinylated PCR amplicons
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (A) Agarose gel electrophoresis of PCR amplicons obtained from 10-fold serial dilution of H37Rv DNA template starting from0.5 ng to 5 ag
(M ¼marker, 1 ¼ NTC, 2 ¼ 0.5 ng, 3 ¼ 50 pg, 4 ¼ 5 pg, 5 ¼ 0.5 pg, 6 ¼ 50 fg, 7 ¼ 5 fg, 8 ¼ 0.5 fg, 9 ¼ 50 ag and 10 ¼ 5 ag). The lowest detection
limit of agarose gel electrophoresis (marked with *) is 50 fg which is 100 times higher than the 0.5 fg detection limit of magnetic bead ELISA (**).
(B) An intensity plot obtained from triplicate analysis of agarose gel images. (C) Sensitivity testing of magnetic bead ELISA. The same set of PCR
amplicons used in the agarose gel electrophoresis were tested by magnetic bead ELISA. Error bars were obtained from 3 independent exper-
iments. The lowest concentration ofM. tuberculosis DNA above the cutoff value was 0.5 fg. (D) A representative photograph showing the colour
intensity of magnetic bead ELISA from various concentration of M. tuberculosis template and no template control (NTC).
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but also to provide the solid support for colourimetric detection
of the bead-bound amplicons. The magnetic beads used in the
current assay are pre-blocked with non-protein and non-
surfactant blocking agent to minimize the non-specic bind-
ings in the antigen–antibody reaction. The capture of amplicons
to the beads is accomplished within 15 min as streptavidin-
coated magnetic beads exhibit high affinity to the biotinylated
targets. Moreover, the faster magnetic response time of
magnetic beads allows the easy and quick handling of ampli-
cons during washing steps. The turnaround time for the col-
ourimetric detection aer PCR amplication is less than
90 min.
Optimization of assay platform

The experimental conditions including the concentration of
HRP-conjugated anti-DIG, the concentration of magnetic beads
and the amount of PCR amplicons were optimized to attain the
This journal is © The Royal Society of Chemistry 2018
maximum performance of the assay. To obtain the optimal
colour intensity, proper concentration of HRP-conjugated anti-
DIG antibody was ascertained as follows. HRP-conjugated anti-
DIG antibody diluted to 200 ng ml�1, 100 ng ml�1, 50 ng ml�1,
25 ng ml�1 and 20 ng ml�1 in 0.5% BSA were incubated with
TMB substrate for 30 min and the optical density for each
concentration was measured aer adding the TMB stop solu-
tion. The optimal concentration of HRP-conjugated anti-DIG
antibody was selected at 20 ng ml�1 (data not shown). Then,
the concentration of magnetic bead per reaction (5, 10 and 15
mg) and the amount of PCR amplicons per reaction (5%, and
10% in 2% BSA in PBS) were optimized simultaneously. The
results showed that the absorbance of positive and negative
control samples were increased together with the concentration
of both magnetic beads and PCR amplicons while maintaining
the absorbance difference between negative and positive
samples (Fig. 2). Therefore, the concentration of magnetic
beads and PCR amplicons that provide the lowest absorbance of
RSC Adv., 2018, 8, 33674–33680 | 33677
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negative samples were selected as the optimal concentration.
The optimal concentration of magnetic beads and PCR ampli-
cons were 5 mg and 5% (1 ml of PCR products in 19 ml of 2% BSA
in 1� PBS) per reaction. The optimization of the concentration
of magnetic beads and PCR products is critical for the success of
the current assay since there was no difference in absorbance
values from the different concentrations of undiluted PCR
products (data not shown). This is plausible since highly satu-
rated streptavidin molecules on the magnetic beads allowed the
maximal binding of biotinylated PCR amplicons that provide
the high signal intensities between different concentrations of
PCR products. The optimal incubation time for binding HRP-
conjugated anti-DIG was 30 min. Colour development was
done by incubation with TMB substrate for 30 min aer
washing the excess antibodies with 1� PBS for 4 times.
Analytical sensitivity

The analytical sensitivity of magnetic bead ELISA was deter-
mined using a 10-fold serial dilution of H37Rv DNA, starting
from 0.5 ng to 5 ag per PCR reaction. Six and onemicroliter(s) of
each of these products were analyzed by agarose gel electro-
phoresis and magnetic bead ELISA, respectively. Due to the
difference in PCR efficiency, the difference in band intensities
were also observed by agarose gel electrophoresis (Fig. 3A). To
estimate the concentration of PCR amplicon obtained from
each DNA dilution, relative DNA concentrations were calculated
based on the DNA ladder concentration suggested by the
manufacturer (Biotechrabbit, Berlin, Germany). However, the
band intensities from 0.5 ng to 5 pg DNA input were very
similar, suggesting the saturation of PCR reaction (Fig. 3B).
Therefore, only 2 dilutions of DNA input, 0.5 pg, and 50 fg were
used in the estimation of PCR amplicon concentration.
Roughly, 4 and 2 ng ml�1 were estimated for these two dilutions,
respectively (ESI Fig. S2†). Since we loaded 6 ml of PCR products
Fig. 4 Specificity testing of (A) magnetic bead ELISA. PCR amplification
terium bacteria andM. tuberculosis clinical isolate. Error bars were obtain
of PCR amplicons from specificity testing. M¼Marker, 1¼NTC, 2¼M. tu
¼ E. coli, 7 ¼ C. diphtheriae, 8 ¼ A. baumannii, 9 ¼ A. lwoffii, 10 ¼ E. aer
amplicon was detected only in DNA sample extracted from M. tuberculo

33678 | RSC Adv., 2018, 8, 33674–33680
onto agarose gel, the lowest quantity of PCR amplicon visible by
our electrophoresis system is 12 ng.

In order to determine the lowest detection limit of magnetic
bead ELISA assay, the positive result is considered by
comparing to the cutoff absorbance 0.355 calculated from the
average absorbance + 3 SD of the negative controls (no template
control). Although the variation in PCR efficiency was also
detected by this assay, almost all dilutions, except 5 and 50 ag,
of DNA input were considered as positive with the magnetic
bead ELISA (Fig. 3C). The assay also captured slightly lower in
PCR efficiency obtained from 5 fg DNA input while the band of
this DNA dilution was absent by agarose gel inspection. In the
other word, both 5 and 50 fg DNA input might yield approxi-
mately 2 ng amplicon but the quantity slightly less than 2 ng
cannot be detected by agarose gel inspection. However, with the
signal amplication of ELISA, 5 fg input DNA provides the
absorbance close to that obtained from 50 fg. The mean
absorbance as well as its SD of the lowest quantity of M. tuber-
culosis DNA above the cut-off value was 0.5 fg input. Thus, the
limit of detection (LOD) of magnetic bead ELISA was 0.5 fg
which is more sensitive than 1 pg detection limit of IS6110
detection using isothermal amplication method.30 Fig. 3D
showed the colour intensity obtained from each concentration
of H37Rv DNA samples. These results indicate that magnetic
bead ELISA is 100 times more sensitive than the conventional
agarose gel electrophoresis. According to this high sensitivity,
our PCR ELISA-based assay shows a great promise to detect even
a trace amount of PCR amplicons as long as PCR is success.

In addition, the results of our developed assay show a good
linear relationship between absorbance and the quantity of M.
tuberculosis DNA with the R2 ¼ 0.9301 (Fig. 3D). This high
correlation offers the good performance of the assay to distin-
guish between low and high DNA input albeit qualitative
measurement is the expected principle of this assay. Interest-
ingly, it has been estimated that one genome equivalent of M.
tuberculosis is 5 fg of DNA.31 Therefore, it can be expected that
was performed with 1 ng of DNA samples from each non-Mycobac-
ed from two independent experiments. (B) Agarose gel electrophoresis
berculosis, 3¼ K. pneumoniae, 4¼ S. pneumoniae, 5¼ P. aerugniosa, 6
ogenes, 10 ¼ M. catarrhalis and 12 ¼ S. aureus. IS6110 specific 123 bp
sis.

This journal is © The Royal Society of Chemistry 2018
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our magnetic bead ELISA is sensitive for the detection of M.
tuberculosis even if only one organism is presented in the
sample.
Assay specicity

To verify the specicity, genomic DNA extracted from K. pneu-
moniae, S. pneumoniae, P. aerugniosa, E. coli, C. diphtheriae, A.
baumannii, A. lwoffii, E. aerogenes, M. catarrhalis and S. aureus
together withM. tuberculosis DNA extracted from clinical isolate
were tested with PCR-magnetic bead ELISA. PCR amplication
was performed with 1 ng of each bacterial DNA as the template
by using IS6110 specic primers. Then, magnetic bead ELISA
was performed and the results were compared with the agarose
gel electrophoresis. The absorbance values of all non-Mycobac-
terium bacterial DNA samples were below the cut-off absorbance
of 0.355, indicating that the magnetic bead ELISA is specic to
IS6110 sequence only (Fig. 4A) as well as there was no non-
specic background of the detecting system. Concordance
with the agarose gel electrophoresis, 123 bp specic amplicon
was detected only inM. tuberculosis DNA sample and exhibit the
agreement of results with the magnetic bead ELISA (Fig. 4B).
Conclusion

In summary, we have developed a sensitive method for the
detection of the IS6110 sequence of M. tuberculosis complex.
Firstly, the exponential amplication power of PCR was used to
amplify the target sequence to get the biotin and DIG dual-
labelled amplicons. Then, separation of dual-labelled PCR
amplicons from the un-amplied products was done using
streptavidin-conjugated magnetic beads and subsequent col-
ourimetric detection was done to the amplicons bound to the
beads. Utilization of specic biotin and DIG primers in the PCR
reaction overcomes the requirement of laborious hybridization
steps in the conventional PCR-ELISA system. As colourimetric
detection was done on the magnetic beads-bound PCR ampli-
cons in the single tube, the step of overnight coating of the
ELISA plates with streptavidin is avoidable in our developed
assay. The handling of magnetic beads-bound amplicons
during incubation steps and washing steps was done quickly
with the external magnet. The detection limit of the magnetic
bead ELISA is 0.5 fg of M. tuberculosis DNA, which is 100 times
more sensitive than the conventional agarose gel electropho-
resis. This method also provides the semi-quantitative detec-
tion of DNA as the colour intensity is directly proportional to the
amount of PCR amplicons. In addition, reagents and instru-
ments required for magnetic bead ELISA are commercially
available and affordable. Thus, our developed assay could be
useful for the detection of M. tuberculosis, especially in the
remote areas where the diagnosis of tuberculosis remains
concerned. Finally, this assay platform could be applied to the
detection of any targeted gene.
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