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ABSTRACT      

     Global tuberculosis (TB) control is hampered by cost and slow or insensitive diagnostic 

methods to be used for TB diagnosis in clinic. Thus, TB still remains a major global health 

problem. The failure to rapidly and accurately diagnose of TB has posed significant challenges 

with consequent secondary resistance and ongoing transmission.
 

We developed a rapid 

Mycobacterium tuberculosis (MTB) amplification/detection method, called MTB isothermal 

solid-phase amplification/detection (MTB-ISAD), that couples isothermal solid-phase 

amplification and a silicon biophotonics-based detection sensor to allow the simultaneous 

amplification and detection of MTB in a label-free and real-time manner. We validated the 

clinical utility of the MTB-ISAD assay by detecting MTB nucleic acid in sputum samples from 

42 patients. We showed the ability of the MTB-ISAD assay to detect MTB in 42 clinical 

specimens, confirming that the MTB-ISAD assay is fast (<20 min), highly sensitive, accurate 

(>90 %, 38/42), and cost-effective because it is a label-free method and does not involve thermal 

cycling. The MTB-ISAD assay has improved time-efficiency, affordability, and sensitivity 

compared with many existing methods. Therefore, it is potentially adaptable for better diagnosis 

across various clinical applications. 
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1. INTRODUCTION  

     Tuberculosis (TB) is an infectious disease of disadvantaged communities with high mortality 

and morbidity caused by several species collectively referred to as the Mycobacterium 

tuberculosis complex (MTBC). TB remains a major global health problem due to the continuous 

emergence and spread of TB strains, such as drug-resistant strains, and co-infection with other 

pathogens (WHO, 2013; De Lange, 2013; McNerney and Daley, 2011; Drobniewski et al, 2013; 

Koul et al, 2011; Zumla et al, 2013).
 
The failure to rapidly and accurately diagnose TB, 

especially with resistant strains, and the incomplete adherence to prescribed drug regimens have 

posed significant challenges with consequent secondary resistance and ongoing transmission 

(Zumla et al, 2013; Lawn and Zumla, 2011; Shah et al, 2013; Casali et al, 2013).
 
This has led to 

multi-drug resistant (MDR) and extremely-drug resistant (XDR) strains. 

      An ideal control strategy would include the early diagnosis of TB with the rapid detection of 

drug resistance. Current standard tests for TB diagnosis are the routine ‘microscopy and culture’, 

which have been the main diagnostic methods for decades. Although culture methods are the 

most sensitive and regarded as the reference standard, some communities cannot afford culture 

methods due to the time consuming process that are may take weeks to grow and susceptibility 

results another few weeks (Dheda et al, 2013; Lange and Mori, 2010). Thus, in many 

communities, smear microscopy continues to be primary method for TB diagnosis. While it 

offers a cheap and rapid diagnosis, smear microscopy is unable to provide resistance data and has 

a low sensitivity, detecting only 40–50% of culture positive TB (Inoue et al, 2011). Therefore, 

there is a great need for an affordable, robust and simple point-of-care (POC) testing with high 

accuracy in order to obviate the current laboratory challenges of global TB control. 

     To date, the problem of global TB control is that Primary Care lacks accurate diagnostics that 

are affordable, robust and portable enough to be used in clinics. This drives the paradigm of large 

central hospital laboratories with the consequent ’hospital centric’ care seen in modern 

healthcare. This reliance on well funded large institutions has held back the development of 

solutions for use in primary care, where most of the patients are. It effectively denies care to 

communities without ready access to well funded institutions; this is particularly seen in 

developing countries. Even in well equipped hospitals there is a need to deliver diagnostics at the 

bedside, especially in the emergency department, to enable data driven decisions about 
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admission, therapy and infection control. The current paradigm of sending samples to a central 

laboratory to be tested the next day delays management and adds to costs. Recognition of this 

imbalance has prompted research into devices that enable diagnostics at the point of care (POC). 

Currently available NAATs (Boehme et al, 2010; Liong et al, 2-13; Cavusoglu et al, 2006) meet 

the requirements for the primary care but fail to replace smear microscopy because they are too 

expensive.  

     Recent advances in nucleic acid amplification tests (NAAT) enable a rapid and accurate 

detection of TB with high sensitivity and specificity (Boehme et al, 2010; Liong et al, 2013; 

Cavusoglu et al, 2006). Two NAAT-based technologies, the line probe assay (LPA) and 

GeneXpert MTB/RIF have improved clinical utility because they combined automated DNA 

extraction, PCR based amplification and specific probe assays with fluorescent or colorimetric 

detection into a single system (Boehme et al, 2010). Notably, the GeneXpert MTB/RIF assay, 

endorsed by World Health Organization (WHO) (WHO. 2013), detects MTB and rpoB gene 

mutations within 2 h, in a fully automated system. However, it is a relatively large instrument 

due to the inclusion of a thermal cycler for PCR. It also lacks sensitivity, detecting only 70 % of 

smear-negative sample (Lin et al, 2012). While this is a step in the right direction, it is still far 

from the ideal POC test. In addition, despite its relatively higher sensitivity and specificity, 

compare to smear testing, NAAT tests are yet to replace microscopy because they are too 

expensive. Therefore, the WHO and Stop TB partnership have set a goal to develop a new 

generation technique that requires less equipment and is easy to use, fast, low-cost (i.e., label-

free), accurate, and portable (WHO, 2013; De Lange, 2013). A simple POC test for TB could 

help prevent more than 15 million tuberculosis-related deaths by 2050 (Zumla et al, 2013; Dheda 

et al, 2013; Lange and Mori, 2010).  

     Here, we report MTB-ISAD assay to simultaneously amplify and detect the MTB with 

rapidity, affordability, simplicity, and accuracy in human clinical samples. We also demonstrated 

the clinical utility of the MTB-ISAD assay by detecting MTB nucleic acid in sputum samples 

from patients with TB. The technique is based on an isothermal solid-phase 

amplification/detection (ISAD)
 

assay that combines solid-phase-based isothermal DNA 

amplification (recombinase polymerase amplification (RPA)) and silicon microring resonator 

(SMR)-based biophotonic sensors, which do not involve labeling (Shin et al, 2013a). Although 
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the SMRs have been used for direct detection of nucleic acids based on the hybridization 

mechanism between the capture probe and the target (Bogaerts et al, 2012; Baaske and Vollmer, 

2012; Shin et al, 2013b and 2013c; Iqbal et al, 2010), however, the MTB-ISAD technique is 

based on the amplification and the detection mechanism of nucleic acids that was increased the 

sensitivity of the nucleic acid detection by the combination. Using this strategy, MTB nucleic 

acid from human specimens is simultaneously amplified and detected by a grafted 

complementary primer on the SMR in a label-free and real-time manner. Furthermore, this 

proposed device is fabricated by CMOS (complementary metal oxide semiconductor) compatible 

and hence is ready for mass-production at low-cost ($10 per test including a disposable chip and 

reaction mixture) and the instrumentation cost is low due to the isothermal amplification process 

(no need of thermal cycler). Therefore, the expected cost of the fully integrated MTB-ISAD 

system including DNA extraction could be cheaper than that of the GeneXpert system.  

 

2. MATERIAL AND METHODS 

2.1. MTB-ISAD device fabrication  

     To design MTB-ISAD device, the modified protocol was used for the detailed structure and 

fabrication of silicon microring resonators (SMR) that have been previously described (Shin et al, 

2013a and 2013b).
 
The device (2.5 cm X 0.8 cm) structures such as microring structures, 

waveguides, and gratings, were patterned on a commercially available 200 mm SOI (Silicon-On-

Insulator) wafer with a 220 nm thick top silicon layer and 2 μm thick buried oxide layer by 210 

nm deep UV (ultraviolet) lithography. We measured the layer thickness after every lay by layer 

deposition as a process control for the sensor uniformity during the chip fabrication. The 

microring resonators are race-track style rings with a radius of 5 μm, coupling length varied 

between 2 μm to avoid spectral overlap of resonances. An array of microring was designed to 

consist of four rings that are connected to a common input waveguide (through). Each ring had a 

dedicated output waveguide (drop). One of rings, left under the SiO2 cladding, is used as a 

reference sensor to monitor temperature induced drift. The output signals of the 3 remaining 

rings are collected through a vertical grating coupler (10°) connected to a single-mode fiber optic 

probe. The insertion loss (IL) spectrum was measured using an EXFO IQS-12004B DWDM 

passive component test system (Bogaerts et al, 2012; Baaske and Vollmer, 2012). 
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2.2. Device functionalization for MTB-ISAD  

     To use the MTB-ISAD device as a rapid sensor of MTB detection, the modified protocol was 

used (Shin et al, 2013a). In order to functionalize the sensor surface, the sensors were first 

treated with oxygen plasma and immersed in a solution of 2 % 3-aminopropyltriethoxysilane 

(APTES, Sigma-Aldrich) in a mixture of ethanol-H2O (95% : 5%, v/v) for 2 h, followed by 

thorough rinsing with ethanol and DI (de-ionized) water. To cure the sensors, they were dried 

under a nitrogen stream and heated to 120 °C for 15 min. The sensors were then incubated with 

2.5 % glutaraldehyde (GAD, 50% weight in water, Sigma-Aldrich) in DI water containing 5 mM 

sodium cyanoborohydride (5M in 1M NaOH, Sigma-Aldrich) for 1 h, and then rinsed with DI 

water. They were dried under a nitrogen stream and store at room temperature until prior to 

immobilize the primer. All primers used for the MTB detection were custom-synthesized from 

Integrated DNA Technology. The primers (Table 1) in this study were selected from the gene 

sequence encoding IS6110, an IS-like element of Mycobacterium tuberculosis (NCBI accession 

number X17348) (Inoue et al, 2011). For the immobilization of the DNA primer, the prepared 

sensor surface was incubated with the amine-modified primer of MTB in PBS (1 μM) containing 

5 mM sodium cyanoborohydride for over-night (~16 hr) at room temperature. After incubation, 

unbound DNA primers were washed away with PBS and the sensors were dried. An acrylic well 

[1.5 cm X 0.7 cm X 2 mm] for a microfluidic chamber was then pasted onto the chip to enclose 

the microring sensor area [3 mm X 4 mm X 1 mm]. The acrylic wells with double-sided adhesive 

sheet were cut with a 60 Watt CO2 laser cutter (Universal Laser System).  

 

2.3. MTB-ISAD assay operation 

     In order to amplify the target using the modified recombinase polymerase amplification 

method, we prepared the assay solution that optimized for MTB detection. For optimized 

reaction, 29.6 μL of rehydration buffer, 12.5 μL of nuclease-free water, 5 μL of other primers (10 

μM) were mixed. One dried enzyme pellet provided from TwistDX was added to each solution 

and vortexed. Then, 2.5 μL of magnesium acetate solution was dispensed into the cap of each 

tube. A unidirectional shake mode mixing protocol guaranteed a homogeneous distribution of the 

molecules that are necessary for the reaction in the buffer. After mixing, the total volume of 50 

μL reaction buffer is split into five 10 μL aliquots. To start the reactions, 5 μL of MTB nucleic 
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acids from sputum samples with patients (MTB or NTB or human gDNA) were mixed with the 

10 μL reaction aliquot. The MTB-ISAD device was then placed on a thermoelectric cooler (TEC) 

with controller (Alpha Omega Instruments) to keep a constant temperature (37 °C) and the 

resonance spectrum of the device was immediately measured and used as a reference to obtain a 

baseline. The wavelength shift was collected by every 5 min for up to 30 min to monitor 

asymmetric solid amplification of target DNA on the sensor surface in a label-free and real-time 

manner.  

 

2.4. DNA extraction from clinical specimens  

     The patient sputum samples were collected and the MTBC nucleic acids extracted at Tan 

Tock Seng Hospital (TTSH), Singapore (Inoue et al, 2011). For a blind testing, 42 sputum 

samples including MTB infected patients (both RT-PCR and culture positive samples) and NTB 

healthy controls were selected, and then the DNA extraction was performed with the NucliSENS 

easy-MAG system (bioMerieux, Boxtel, The Netherlands) with off-board lysis as part of the pre-

extraction step. After the instrument had dispensed the lysis buffer, 500 μL of each thawed 

specimen was added to the respective vessel in a Class II biosafety cabinet (BSC) and mixed 

well by pipetting up and down. Then, 40 μL of proteinase K (Qiagen) was added to each vessel 

and mixed well by pipetting up and down. The mixture was incubated at room temperature for 

30 min. At the end of this pre-extraction step, the samples were considered to be safe for removal 

from BSC. The samples were returned to the EasyMag instrument for automated extraction with 

a 50 μL volume of elution protocol. The eluted DNA was stored at -80 °C until used it. 

 

2.5. Conventional and Real-time PCR 

     End-point PCR and RT-PCR were performed to compare with MTB-ISAD assay. The 

forward and reverse primers were synthesized at the usual length of around 24 bp. The target 

template for the conventional methods was MTB nucleic acid obtained from highly MTB 

infected sputum (21 Ct from RT-PCR) at a concentration of 1 to 10
-7

-fold dilutions. The human 

genomic DNA (Roche Diagnostics) was used as a non-target control (negative control). The end-

point PCR process consisted of an initial denaturation step at 95 °C for 15 min; 45 cycles of 

95 °C for 45 s, 58 °C for 45 s, and 72 °C for 45 s; and a final elongation step at 72 °C for 10 min. 
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5 μL of DNA were amplified in a total volume of 25 μL containing 1 X PCR buffer (Qiagen), 2.5 

mM MgCl2, 0.25 mM deoxynucleotide triphosphate, 25 pmol of each primer, and 1 unit of Taq 

DNA polymerase (Qiagen). Gel electrophoresis was used to separate PCR products on a 2 % 

agarose gel containing ethidium bromide (EtBr). The gel was visualized using a Gel Doc System 

(Bio-Rad). Real-time PCR was performed with the Finnzymes reagents DyNamo Flash probe 

qPCR kit in a 25 ul reaction volume containing 5 ul of DNA template, 100 copies of the IC 

molecule and each primer at a final concentration of 0.3 uM. Thermal cycling was performed on 

a Stratagene Mx3005P using the following steps: initial denaturation at 95 degree for 7 min, 

followed by denaturation at 95 degree for 12 s and annealing and extension at 64 degree for 20 s. 

The cycle was repeated 42 times. A positive PCR was defined as a sample with a ct value less 

than 40 with a typical sigmoidal curve. 

 

3. RESULTS AND DISCUSSION 

3.1. MTB-ISAD Assay Optimization 

     Figure 1 illustrates the MTB-ISAD assay that was designed for the clinical detection of MTB. 

MTB nucleic acids were extracted from sputum samples by the routine clinical laboratory at Tan 

Tock Seng Hospital (TTSH) Singapore with an EasyMag instrument (Biomerieux). Following 

the extraction, the target region of MTB was amplified by an asymmetric solid-phase-based 

isothermal DNA amplification method, where one primer was covalently linked to a solid 

support surface and the other was in solution while the temperature was kept constant at 37 °C. 

The amplified MTB target region was simultaneously detected with a grafted primer on the 

sensor surface (Fig. 1). Subsequently, the target was hybridized with the immobilized primer on 

the amine-modified sensor surface and then the target DNA amplification commenced by RPA 

(Shin et al., 2013a). This resulted in the binding of the recombinase-primer complex to double-

stranded DNA by the components of the proteins gp32 (single-stranded DNA binding protein), 

uvsX (recombinase), and the uvsY (recombinase load factor) and facilitated strand exchange, 

leading to strand elongation and the exponential increase in the number of target DNA copies 

(Fig. 1 and Fig. 2A). Primers used for amplification and detection in both solid- and solution-

phases were designed to be specific to the MTB sequence. Two primer sequences were 

complementary to the target sequence. One primer was immobilized and possessed a 5′-amine 
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group that was used for optical detection by the SMR system. The SMRs can be used as unique 

optical biosensors that allow target molecules to selectively bind to the immobilized receptors in 

the evanescent field of the resonator waveguide, subsequently causing an increase in the 

proportion of each wavelength (Shin et al, 2013a; Bogaerts et al, 2012; Baaske and Vollmer, 

2012). During the amplification process, the amplified target DNA was monitored in a real-time 

manner, without the use of labeling, by measuring the wavelength shift of the microring 

resonator (Fig. 1 and Fig. 2A). To streamline the procedure, we used a microfluidic chamber for 

the MTB-ISAD assay (Fig. 2B). The MTB nucleic acids from the patient sputum samples were 

loaded into the closed chamber along with the isothermal PCR mixture. The assay was placed on 

a thermal pad with an optical instrument to enable the simultaneous amplification and detection 

of MTB (Fig. 2B). Using this technique, the MTB-ISAD was detected the tuberculosis target 

within 20 min from a sputum sample by measuring the resonance wavelength shift (over 450 pm) 

(Fig. 2A). 

 

3.2. Sensitivity of MTB-ISAD  

      We next determined the relative detection limit of the MTB-ISAD assay compared to the 

conventional NAAT methods with serially diluted MTB nucleic acids extracted from a sputum 

sample (Fig. 3). In this experiments, we used a smear positive sample, which showed a 21-cycle 

threshold (Ct) resulted from the real-time (RT)-PCR. Serially diluted DNA from original MTB 

sample (up to 10
-7

-fold) and non-target human genomic DNA (gDNA) were individually loaded 

into the platform (15 μl isothermal PCR mixture containing 5 μl of DNA sample), and the MTB-

ISAD assay was performed. The resonant wavelength shift from 10
-6

-fold diluted MTB sample is 

clearly distinguishable from human gNDA for the MTB-ISAD (Fig. 3A). Moreover, the 

difference between the target (MTB) and non-target (human gDNA) was observed as early as 5 

min after simultaneous amplification and detection. For conventional PCR methods, PCR and 

RT-PCR, each reaction had a volume 50 μl, including 5 μl of DNA from the serially diluted 

samples. In conventional PCR, the bands (~170 bp) were obtained from DNA samples diluted as 

much as 10
-4

 fold (Fig. 3B). Similarly, the fluorescent SYBR Green signal in the RT-PCR 

method was observed in DNA samples diluted 10
-4

 fold (Fig. 3C). Although the detection limit 

(Lm = 26 ± 2 pg/mm
2
) of SMR sensor itself defined by the system noise that requires to be 
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improved by the optimization of both device and measurement system (Park et al., 2013), 

nevertheless, the detection limit of the MTB-ISAD assay in this study was greater than that 

observed with either conventional PCR method. The enhanced sensitivity was observed by the 

combination of the advantages taken from those techniques, isothermal, solid phase 

amplification and SMR sensor. Taken together, the MTB-ISAD assay we developed was not 

only superior in its sensitivity when compared to the two conventional PCR methods, but was 

also faster (result time: 20 min) than other existing NAAT-based methods for the detection of 

MTB strains (Fig. 3).  

  

3.3. Validation of MTB-ISAD with Clinical samples 

     We next validated the clinical utility of the MTB-ISAD assay (Fig. 4 and 5). We tested 

clinical specimens that had been collected and submitted for TB investigations as part of the 

normal clinical diagnostic process from patients with suspected TB. They were analyzed by 

conventional microscopy (result time: 24 h), smear and solid culture (several days to weeks), and 

RT-PCR (3 h) at TTSH (Fig. 5B and Table S1) (Inoue et al, 2012). Subsequently, in a blind test, 

we performed the MTB-ISAD assay on 42 selected clinical samples, which included samples 

that were MTB-positive by both RT-PCR (Fig. 5B) and culture (Table S1), and also non-MTB 

(NTB) samples. According to Figure 3A result, the cut off (criterion) for reporting a sample as 

MTB (positive/negative) detected was a shift over 450 pm at 20 min. Fig. 4 shows the results 

from the MTB-ISAD assay. Based on this criterion, we identified 22 MTB and 20 NTB 

specimens using the MTB-ISAD assay in the blind tests (Fig. 4). We compared the MTB-ISAD 

results to those obtained from the established methods (Fig. 5 and Table S1). As shown in Fig. 

5A and Table S1, the MTB-ISAD assay was able to distinguish between the presence (smear
(+)

 

positive/culture
(+)

 positive, 100% (13/13)) or absence (smear
(-)

 negative/culture
(-)

 negative, 95% 

(19/20)) of MTB in the majority of the patient samples within 20 min, indicating that it is a rapid 

and accurate assay for MTB identification (Fig. 5A). However, we observed four false results, 

including one false positive from NTB sample and three false negative from MTB samples 

(smear
(-)

 negative/culture
(+)

 positive, 67% (6/9)) by the MTB-ISAD assay due to the low 

concentration of the target DNA, which also showed smear negative (Table S1). Therefore, 

further study with larger number of clinical samples is required to further clarify and optimize 
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the assay. Nevertheless, the ability of the MTB-ISAD assay to rapidly detect MTB in clinical 

specimens not only averts the time efficiency problems associated with the NAAT technique by 

using the silicon bio-photonics system to simultaneously amplify/detect MTB, but also simplifies 

the instrument system by using an isothermal solid phase amplification technique.  

 

4. CONCLUSION 

     We have developed a rapid DNA amplification/detection system capable of detecting MTB in 

human specimens. The MTB-ISAD assay is fast (<20 min), highly sensitive, accurate (>90 %, 

38/42), and cost-effective because it is a label-free method and does not involve thermal cycling. 

We used silicon based optical sensor as a label-free and real-time based detection device for 

monitoring the resonance wavelength change resulting from the target amplification with the 

grafted primers on the surface by the isothermal amplification method. Despite the ISAD based 

detection method of cancer biomarker has been reported recently, however, they are not 

comprehensive enough to be adapted for detecting pathogens of infectious diseases in clinical 

samples. The MTB-ISAD in this study not only enables clinical use, but also offers an assay 

technique that can be applied to the clinic for primary care with POC settings. Notably, we are 

integrating a recently developed microfluidics-based DNA extraction technique (result time: 30 

min) (Shin et al, 2014) with the current MTB-ISAD assay (20 min) on an electrical tracing 

assisted sensor (Kim et al, 2013), which uses a small and inexpensive LED (Light-Emitting 

Diode) as a light source instead of high resolution tunable laser for increasing its portability, into 

a single chip to generate a one-step fully-integrated MTB detection system that takes 1 h from 

sample preparation to detection. Further in-depth studies involving larger prospective clinical 

trials using the fully integrated MTB-ISAD system are required. Going forward, we envision that 

the development of a system with enhanced accuracy, sensitivity, specificity, time efficiency, 

and cost effectiveness will potentially facilitate TB diagnosis in low- and high-burden countries. 
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Figure Captions 

Fig. 1. MTB-ISAD assay for fast MTB detection. Procedure of the MTB-ISAD assay. DNA was 

extracted from clinical sputum samples of MTB patient by off-chip based lysis method (30 min). 

The mixture includes extracted DNA with RPA solution is then loaded into a MTB-ISAD device 

for on-chip processing (20 min). The target DNAs of MTB are amplified with grafted primers on 

the SMR surface at 37 ºC. During the amplification process, the amplified targets are monitored 

by measuring the wavelength shift of the microring resonators in a label-free and real-time 

manner.  

Fig. 2. MTB diagnosis using the MTB-ISAD assay. (A) Characterization of MTB-ISAD with 

MTB nucleic acid. (A_I) Before amplification/detection) one primer of the target DNA is grafted 

on the SMR surface and then the wavelength shift was measured as a baseline wavelength. (A-II) 

After amplification/detection) For the amplification process with 20 min at 37 ºC, the 

wavelength shift was monitored by measuring of the amplified target reaction on the SMR in a 

label-free and real-time manner. (A-III) Final result) The MTB target is amplified as a positive 

sample that was above 400 pm shifted after 20 min. (B) Schematic of the MTB-ISAD assay. A 

fluidic chamber is used for the streamline of the assays. (C) Comparison of the MTB-ISAD and 

other existing MTB detection methods. The MTB-ISAD assay was not only superior in the 

detection limit, but also was rapid (20 min/1h*) compared to other existing methods. (*) 

indicated the analysis time of one-step testing from sample preparation to detection.  

Fig. 3. Comparison of the sensitivity of the MTB-ISAD assay with other existing methods. (A) 

The sensitivity of the MTB-ISAD assay. MTB nucleic acids (original sample) from highly 

infected sputum were used as target DNAs. The original sample was serially diluted up to 10
-7

-

fold; [1: Original sample, 2: 10
-1

, 3: 10
-2

, 4: 10
-3

, 5: 10
-4

, 6: 10
-5

, 7: 10
-6

, N: non-target (human 

genomic DNA)]. MTB-ISAD shows the resonance wavelength shift. The colors represent the 

amount of the targets: black (10
-1

), purple (10
-3

), light green (10
-5

), red (10
-6

), light blue (non-

target). Error bars indicate the standard error of the mean based on at least 3 independent 

experiments. (B) End-point PCR) Gel electrophoresis of 170 bp products by End-point based 

conventional PCR. M = 100 bp DNA ladder (New England).  (C) Real-time PCR) Fluorescence 

SYBR green signals from the serially diluted samples by RT-PCR. [1: Original sample, 2: 10
-1

, 3: 

10
-2

, 4: 10
-3

, 5: 10
-4

, N: non-target (human genomic DNA)]. 

 

Fig. 4. Validation of the MTB-ISAD assay in clinical samples. The clinical utility of the MTB-

ISAD with clinical samples by a blind test. The 42 clinical sputum specimens were analysed with 
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the MTB-ISAD assay. (A) Clinical samples from Nr. 1 to 21. (B) Clinical samples from Nr. 22 

to 42. The colors represent either mycobacterium tuberculosis (MTB) (red) or non-

mycobacterium tuberculosis (NTB) (blue) samples. (*) indicated four mismatched samples (3 

false negatives and 1 false positive) due to the low concentration of the MTB.  

 

 

Fig. 5. Accuracy of the MTB-ISAD assay in clinical samples. (A) The clinical samples consist of 

three groups, two MTB groups (Red) include smear (positive, S
+
)/Culture

+
 (positive, C

+
), and 

smear (negative, S
-
)/Culture

+
 (positive, C

+
), one NTB group (Blue) is smear (negative, S

-

)/Culture
-
 (negative, C

-
). (B) 22 MTB (Ct value) and 20 NTB samples (no Ct value) were 

confirmed by RT-PCR. 

 

Table 1. Primer sequences of MTB (NCBI accession number X17348). 

 
Name Sequence 

MTB_IS6110 

MTB_ISAD_forward  primer 5´- NH
2
-(CH

2
)

12
- ACCACCCGCGGCAAAGCCCGCAGGACCACGAT-3´ 

MTB_ISAD_reverse primer 5´-TAGGCGAACCCTGCCCAGGTCGACACATAGGTGA-3´ 

PCR_forward primer 5´-CAAAGCCCGCAGGACCACGA-3´ 

PCR_reverse primer 5´-TGCCCAGGTCGACACATAGGTGA-3´ 

 


