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Abstract 

Tuberculosis, an ailment caused by the bacterium Mycobacterium tuberculosis (Mtb) complex, is one 

of the catastrophic transmittable diseases that affect human. Reports published by WHO indicate that 

in 2017 about 6.3 million people progressed to TB and 53 million TB patients died from 2000 to 

2016. Therefore, early diagnosis of the disease is of great importance for global health care programs. 

Common diagnostics like the traditional PPD test and antibody-assisted assays suffer the lack of 

sensitivity, long processing time and cumbersome post-test proceedings. These shortcomings restrict 

their use and encourage innovations in TB diagnostics. In recent years, the biosensor concept opened 

up new horizons in sensitive and fast detection of the disease, reducing the interval time between 

sampling and diagnostic result. Among new diagnostics, label-free nano-biosensors are highly 

promising for sensitive and accessible detection of tuberculosis. Various specific label-free nano-

biosensors have been recently reported detecting the whole cell of M. tuberculosis, mycobacterial 

proteins and IFN-γ as crucial markers in early diagnosis of TB. This article provides a focused 

overview on nanomaterial-based label-free biosensors for tuberculosis detection.  
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1. Introduction 

Fast detection and characterization of pathogens is of utmost consideration in human health 

care as some pathogens may cause disastrous diseases and conditions that affect people lives. 

Moreover, it is crucial for the administration of tailored antimicrobial treatment to control the 

spread of the disease and at the same time reduce drug resistances (Gopinath et al. 2014). 

Tuberculosis (TB), one of the most catastrophic phenomena that human history ever 

encountered, is a bacterial disease caused by transmission of one member of the 

Mycobacterium tuberculosis complex (MTBC) bacteria by different means (mostly via 
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infected aerosols) (Comas et al. 2013; Faddoul 2015). In the 2017 global tuberculosis report, 

World Health Organization (WHO) estimated that 6.3 million people had developed TB and 

53 million people perished due to the disease from 2000 to 2016. The report also indicates 

that in 2015 about 83 percent of the 5.9 million newly diagnosed and relapsed patients were 

treated through effective diagnosis and management (Organization 2017). Almost 70% of 

Mtb-exposed individuals are cleared from the bacteria without being infected, whereas the 

remaining 30 % develop the disease. In approximately 90% of infected patients, M. 

tuberculosis is either destroyed by the immune response or remains viable but functionally 

inactive (in dormant state) in the host macrophages. People infected with the dormant form of 

Mtb are proposed as latent TB infection (LTBI) and are considered nonclinical TB cases. It is 

estimated that 5 to 10 % of LTBI cases progress toward active TB, a process called “TB 

reactivation” (Cayabyab et al. 2012). Current diagnosis of LTBI is performed by reactive 

tuberculin skin testing (TST) and/or interferon-gamma release assays (IGRAs) methods 

(Salgame et al. 2015). Among the most fortified fortresses in the TB diagnosis to date, PCR-

based, culture-colony counting and antigen–antibody interaction methods are the most 

frequently used protocols (Lazcka et al. 2007). Acid fast staining of sputum smear followed 

by microscopic assessment, despite its poor sensitivity (about 70 %), remains the most 

frequently exploited microbiological method for TB detection (Dorman 2010). Robert Koch 

introduced TST, the first and now widely available diagnostic test to an asymptomatic person 

exposed to tuberculosis with no clinical or radiographic signs of active TB. TST reflects a 

cutaneous delayed-typed hypersensitivity response to the tuberculin purified protein 

derivative (PPD), a complex of more than 200 M. tuberculosis proteins. However, it has a 

poor specificity in persons vaccinated with Bacille Calmette-Guérin (BCG) (since the 

antigens that exist in PPD cross-react with BCG and other environmental mycobacteria). It 

has also a low sensitivity in people with a suppressed cellular immunity (such as HIV, 

iatrogenic immunosuppression and children), and suffers from several other pivotal 

drawbacks (Lalvani 2007; Lalvani and Pareek 2009). The native PCR method cannot 

distinguish live from dead cells, however, the reverse transcriptase PCR method (RT-PCR) 

can specifically discriminate viable cells. Real-time PCR on the other hand provides faster 

results as it eliminates post-procedure operations such as electrophoretic molecular tracing. 

Culture-based methods are excessively time-consuming, requiring complicated media and 

need laboratory infrastructure not easily available in most of the countries bearing high 

burden of TB. However, they still remain a gold standard in the detection of TB. Table 1 

summarizes different commercially introduced methods for TB and drug susceptibility 

detection up to now (Pantoja et al. 2013). The use of biosensors on the other hand, reduces 

the interval between sampling and obtaining the result and increases sensitivity (Lazcka et al. 

2007). Considering all reasoning mentioned above, we review here the most recent research 

advances in the field of nano-based label-free biosensors developed for Mtb detection.  

2. Label-free biosensors at a glance 

Based on the IUPAC definition “A biosensor is a self-contained integrated device that is 

capable of providing specific semi-quantitative or quantitative analytical information by 

using biological recognition element that is in direct spatial contact with a transducer 

element” (Yang et al. 2010). In a biosensing module, chemical or biological events can be 
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detected, measured and transduced in a living environment by means of a specific 

biorecognition element (receptor) whose features change upon binding the compound of 

interest and these changes are converted into a detectable signal (Ferreira et al. 2009; Nayak 

et al. 2009). There are several types of physicochemical transducers providing an optical (like 

surface plasmon resonance), piezoelectric (quartz crystal microbalance), electrochemical, 

thermometric, magnetic or micromechanical signal. Electrochemical biosensors are the most 

commercialized and accessible ones and are constructed based on amperometric, 

conductometric, potentiometric and impedimetric principles (Bakaltcheva et al. 1998; Gerard 

et al. 2002; Luo and Davis 2013).  

Generally, technical strategies involved in biosensors design can be broadly divided into 

label-free and label-based detection (Amouzadeh Tabrizi et al. 2015). In the label-free 

modules, the response of analyte binding to the biorecognition element can be achieved 

without the use of any radioactive or fluorescent labels or any colorimetric enzymatic assays 

(Homola 2003). Therefore, in comparison with label-based systems, label-free biosensors 

have no need  for high quantities of costly reagents and labels to render them a cost-effective 

diagnosis method for TB. Label-free biosensors in fact, are becoming a consolidated 

detection approach because of the direct, real-time and improved multiplexed detection 

capabilities they offer (Fan et al. 2008; Zanchetta et al. 2017). Recently, more sophisticated, 

biosensing techniques involving label-free assays promote and amplify signal through SPR 

(surface plasmon resonance), QCM (quartz crystal microbalance), piezoelectric, colorimetric 

biosensors, mass spectroscopy, and micro cantilever sensors (Cooper and Singleton 2007; 

Gauglitz 2010). In comparison with other biosensing methods applied for the detection of 

TB, such as electrochemical or fluorescence-based methods, label-free assays offer several 

advantages. The, mostly readable with the naked eye, colorimetric assays offer the advantage 

of stable performance over a varied range of time and temperatures while being commercially 

available for applicability in the lab as paper-based tests. In electrochemical biosensors for 

TB detection on the other hand, limited control on the working electrode surface at higher 

currents and false positive results due to the presence of electrolytes in the samples, are 

probably the most pronounced impediments.  

Nowadays, hybrid nanomaterials (NMs) based biosensors provide nanobiosensors with 

synergetic properties and functions that are broadly utilized to detect and amplify 

biorecognition events (de la Escosura-Muñiz et al. 2010). The unique chemical and physical 

properties of NMs and nanoparticles (NPs), such as their intrinsic large surface area, improve 

biosensor performance in terms of sensitivity and selectivity, offering at the same time long 

shelf  life (Ezzati Nazhad Dolatabadi and de la Guardia 2014). 

2. 1. Surface Plasmon Resonance biosensors 

SPR biosensors can detect minute amounts of analytes in complex mixtures of fluids without 

any requirement for prior sample preparation. SPR offers the inherent advantages of a high-

throughput, real-time, noninvasive and label-free technique for the detection and monitoring 

of binding kinetics and affinity constants of biomolecular interactions (Chaubey and 

Malhotra 2002; Cosnier et al. 2002). SPR biosensors detect the SPR phenomenon expressed 

by the reduction in incident plane-polarized light intensity. Briefly, when a biomolecular 
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interaction takes place on gold thin film, the refractive index in the vicinity of the surface is 

altered. This shift of refractive index can can be monitored by a detector (like a CCD sensor) 

and depicted in a sensogram (Figure 1) (Dudak and Boyacı 2009; Kausaite et al. 2007; 

Liedberg et al. 1983; Shankaran et al. 2007). In the recent few years, several SPR biosensors 

have been employed to assess protein-protein/DNA interactions in the area of Mtb (Barik et 

al. 2010; Bhattacharya et al. 2010; de Jonge et al. 2007; Dziadek et al. 2002; Elass et al. 

2007; Esposito et al. 2011; Gui et al. 2011; Haagsma et al. 2011; Hegde et al. 2005; Liu et al. 

2004; Mir et al. 2011; Saini et al. 2004; Schumann et al. 2006; Sengupta et al. 2006; Sidobre 

et al. 2002; Thakur et al. 2007; Thakur et al. 2010; Yang et al. 2010), such as biosensors 

involving nucleoid-associated proteins (NAPs) like Lsr2 (Leprosy serum reactive clone 2) 

contributing in TB drug resistance (Chen et al. 2008; Dorman and Deighan 2003; Gordon et 

al. 2010; Liu and Gordon 2012). 

Many investigations have also been carried out to monitor Mtb antigens like CFP-10, the 

culture filtrate protein of Mtb, in an SPR-based detection system. Among numerous TB 

antigens, CFP-10 has the strongest interaction with its cognate antibody. CFP-10, is not 

present in the BCG vaccine strain and most nontuberculous mycobacteria, and is used as one 

of two main antigens in interferon gamma release-based assays. Injection of the antigen to an 

SPR immunosensor developed by immobilizing anti-CFP-10 antibodies enhanced SPR which 

returned to the baseline signal once rinsed with PBS. The limit of detection (LOD) for CFP-

10 has been shown to be 100 ng mL
-1

, with a linear relationship from 100 ng mL
-1 

to 1µg mL
-

1 
(Hong et al. 2011a). The fact that most of the traditional TB diagnostics deal with the 

sputum or blood of TB patients may cause further increase in the risk of TB among health 

care professionals. Hence, Hong et al. designed a highly sensitive SPR system to detect CFP-

10 in clinical urine samples. The detection range was from 0.1 to 1 µg mL
-1

. However, SPR 

responses of healthy people that were not TB carriers showed an average peak shift of 

13.8±3.67 RU that represents adsorption of unknown moieties on the gold surface and 

necessitates refinement of surface treatment procedures (Hong et al. 2011b). CFP-10 has also 

been tested in a sandwich SPR immunosensor platform using primary and secondary 

antibodies immobilized on nickel oxide (NiO). The dynamic range varied from 0.1 to around 

150 ng mL
-1 

of CFP-10 and a detection limit as low as 0.1 ng mL
-1 

was observed (Chen et al. 

2013). 

SPR-based biosensing has also been used for detection of MTBC and Mycobacterium 

gordonae using thiolated single-strand oligodeoxynucleotide probes (ssODNs) immobilized 

on a gold-coated sensor surface. The ssODNs were complementary to specific genes in the 

internal transcribed spacer (ITS) sequence of both MTBC and M. gordonae and the resulting 

SPR was found to detect specific DNA hybridization at concentrations in the range of 0.05 

µM, with a significant detection limit of 30 ng µL
-1

 and detection time of only 20 minutes 

(Duman and Piskin 2010). M. gordonae is not categorized as a pathogen and rarely leads to 

pulmonary disease (Roth et al. 2000). However, since M. gordonae is often present in 

hospital water or other environments it may cause contamination and contribute to false 

positive results in conventional TB detections. The strength of the aforementioned study was 

based on a simple sensor re-preparation protocol involving thorough rinsing with a 2.5 mM 

HCl solution which allowed for the sensor to be reused several times without any loss in 
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signal intensity (Duman and Piskin 2010). Recently, an optical DNA sensor based on 

asymmetric isothermal amplification coupled to a silicon photonics microring sensor (SPMS-

AIA) was also reported. The newly developed platform was rapid with a turnaround time of 

only one hour however it achieved a lower LOD (5 fg/µL) when compared with to the 

described SPR DNA-sensor (Liu et al. 2018). Previously, Prabhakar and colleagues 

(Prabhakar et al. 2008) also implemented the same nucleic acid-based platform to sense the 

Mtb genome. They used a cysteine modified NH2-end peptide nucleic acid (PNA) probe, and 

5'-thiol end labeled DNA probes immobilized on an Au coated glass electrode. PNA consists 

of a N-(2-aminoethyl) glycine polyamide back bone backbone wherein bases of nucleic acids 

are attached by a carboxymethyl moiety to the central secondary amine (Ørum et al. 1997). 

Self-assembled monolayers (SAMs) of thiolated DNA probes on gold usually tend to provide 

a formless globular configuration, while the strong electrostatic forces reduce their 

bioactivity. PNAs as charge-less nucleic acid analogues, provide an excellent alternative 

because of their increased specificity to complementary DNA and the increased stability of 

the PNA–DNA duplexes as compared to that of the DNA–DNA duplexes. Moreover, since 

PNAs have synthetic peptide-based structures, they do not have a predisposition to nuclease-

mediated digestion (Metaferia et al. 2013). This was also manifested in the previous study as 

the PNA/Au probe had a more desirable detection limit (1.0 ng mL
-1

) over the DNA/Au 

probe (3.0 ng mL
-1

) while the PNA/Au electrode was also found to be more efficient for the 

detection of one-base mismatch sequences (Prabhakar et al. 2008).  

Regarding single-base mismatch characterization, SPR biosensors could also be used to 

determine the antimicrobial resistance profile of Mtb, as applied in mutated rpoB genes. More 

specifically, it was demonstrated the probe and single-base mismatched target 

oligonucleotide form duplexes that could be detected through SPR (Rachkov et al. 2011). On 

the other hand, it was feasible to place the Mtb antigens, on a SPR sensor surface and 

simultaneously monitor multiple Mtb antibodies in serum. To achieve this, nine Mtb antigens 

were immobilized on the surface of an electrode and antibody presence against each of them 

was examined with an array-based SPR system. SPR response curve analysis showed serum 

sample of TB patients caused an initial signal increase, followed by a stabilization of the 

signal response. This sample caused a significant reflectivity response (R>0.6), revealing the 

presence of a specific antibody against this antigen in the patient-derived serum. Lower 

reflectivities, 0.2 to 0.5 were observed when healthy donors’ samples were used. This 

multiplexed profile could also be compared with multiplex enzyme-linked immunosorbent 

assay (ELISA) assays against the same antigens. It was demonstrated that the specificity of 

the multiplex SPR sensor was 93% to 100%, while a range of 14% to 79% was achieved for 

the sensitivity. Similar experiments with the ELISA test resulted in specificity from 79% to 

100% and a significantly lower sensitivity (10% to 62%) (Hsieh et al. 2012). Generally, the 

use of a combination of antigens for TB diagnosis is superior to the single antigen-based 

assay. Compared to single antigen schemes, the specificity and sensitivity of multiple-antigen 

strategies for SPR and ELISA systems are higher and more reliable (Houghton et al. 2002; 

Moran et al. 2001). Recently, a portable SPR biosensor integrated with a nested PCR 

technique was proposed for the rapid screening of MTBC with LOD 63 pg/mL for MTBC 

PCR products. Interestingly, this biosensor could successfully differentiate MTBC from other 
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nontuberculous mycobacterium strains (Prabowo et al. 2018). The linearity range and LOD of 

some SPR systems for diagnosis of M. tuberculosis are summarized in Table 2. 

Localized surface plasmon resonance (LSPR) biosensors have recently drawn much attention 

for point-of-care diagnosis of MTB. When compared to SPR, the LSPR systems have the 

advantages of simpler and more compact setups. Nanoparticles can enhance the sensitivity of 

LSPR biosensors when applied very close to the LSPR substrate and induce significant shifts 

in the LSPR peak position. In a recent study, DNA aptamers and gold nanorods (Au NRs) 

were utilized to create LSPR platforms and successfully detect 0.1 nM IFN-γ, a biomarker 

related to the diagnosis of latent tuberculosis infection (Chuang et al. 2015). In another study, 

a biosensor based on LSPR was developed to detect the antibody of M. tuberculosis using the 

fusion protein CFP10-ESAT6 as an antigen. In this platform, the CFP10-ESAT6 was 

immobilized on Au NRs, and the functionalized Au NRs were subsequently incubated with 

serums collected from TB patients, non-tuberculous pulmonary disease patients or healthy 

individuals. The change in the LSPR properties of Au NRs stemming form the specific 

interaction between the antigen and the target antibody was monitored. Serum analysis 

showed that the sensitivity of the biosensor was 79% and the specificity was 92% (Sun et al. 

2017). 

2. 2. Piezoelectric biosensors 

Piezoelectric biosensors are considered as mass measurement devices which rely on detecting 

the change of resonance frequency on a quartz crystal microbalance. When an alternating 

electrical field is applied across the crystal, by mass binding to the electrode, it results in a 

change in the oscillation frequency of the QCM device. The use of QCM allows for the 

detection of pathogens using probes modified with immobilized antibodies. Quartz crystals 

are amongst the most common and popular type of materials used in piezoelectric-based 

platforms known as quartz crystal microbalance (Cooper 2003; Deakin and Buttry 1989; 

Tombelli et al. 2005). Figure 2 demonstrates a typical QCM immunosensor. 

Piezoelectric quartz crystals (PQC) are crystal wafer slices sandwiched between two metal 

electrodes (gold or silver) created by thermal evaporation onto the quartz slice surfaces. An 

early TB detection piezo-immunosensor platform was developed to analyze the presence of 

Mtb in vapor aerosols (i.e. breath content) (Neuman et al. 1995). He and collaborators 

developed a selective and sensitive piezoelectric immunosensor detecting Mtb by coating 

protein A of Staphylococcus aureus onto a silver-coated PQC, to prevent nonspecific 

response (He and Zhang 2002). In a different study (He et al. 2002), a Thickness Shear Mode 

(TSM) immunosensor using a styrene-butadiene-styrene (SBS) copolymer-coated quartz 

crystal surface to immobilize the antibodies was evaluated. This approach resulted in accurate 

outputs while it was also characterized by reusability (up to six times) when washed with 4 M 

KSCN. Although these piezosensors are simple in design and construction, their sensitivity 

(about 10
5
 cells mL

-1
) is quite low and the antibodies utilized for their construction are 

expensive and hard to manipulate. For these reasons, He and collaborators proposed the use 

of a bulk acoustic wave impedance biosensor for quantitative determination of Mtb (He et al. 

2003). This biosensor takes advantages of changes of the conductivity of the medium in 

which Mtb grows which may be traced via a frequency response curve. In this curve, the time 
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at which the frequency starts to change is defined as Frequency Detection Time (FDT). It was 

found that FDT is proportional to the logarithm of the initial cell concentration of Mtb in the 

range from 2×10
3
 to 3×10

7
 cells mL

-1
 and can therefore be used for quantification. This 

platform proved to be rapid, simple, cheap and had better sensitivity (detection limit of 2×10
3
 

cells mL
-1

) than the aforementioned biosensors (He et al. 2003). A stable and reusable sensor 

was also produced by placing protein A onto a silver-coated PQC sensor, and restricting 

nonspecific binding by using the irrelevant to TB, antibody-rabbit anti-honey bee venom 

(anti-HBV) (He and Zhang 2002). Upon specific binding of anti-TB antibodies to the bacilli, 

frequency shift changes were observed in the typical frequency curve over time. Detection 

range was 10
5
 cells mL

-1
 to 10

8
 cells mL

-1 
with LOD of 10

5
 cells mL

-1
, which was more 

sensitive compared to methods like ELISA (He and Zhang 2002). The detection of a 38 kDa 

protein secreted from Mtb using specific monoclonal antibodies Myc-31 to create a 

piezoelectric immunosensor showed improved detection limit than ELISA detection 

(Montoya et al. 2016). 

A PQC biosensor constructed via immobilizing a 3-mercaptopropionic acid 

(MPA)/avidin/biotinylated DNA probe on a gold surface has been designed complementary 

to hybridize Mtb specific IS6110 genomic digestions (Kaewphinit et al. 2010a, b). Since, 

generally, genomic DNA targeting by PQC has low possibility to complement with a DNA 

probe, due to the steric hindrance effect of the DNA secondary structure and the low number 

of copies of the target gene, the biosensor was initially tested with IS6110-genomic DNA 

digestions. The detection limit in this study was 0.5 µg mL
-1

 and a frequency shift of 78±3.4 

Hz was observed. When comparing the designed biosensing test to a traditional PCR assay 

based on primers specific for the IS6110 gene within sputum samples, both methods were 

found to possess the same sensitivity in detection however, the PQC-based method was 

judged to be advantageous since it is cheaper, faster, label-free and does not need to toxic 

substances like ethidium bromide (Kaewphinit et al. 2010a, b). Additionally, IS6110 may 

primarily be amplified and tagged with gold nanoparticles (AuNPs) to further improve 

detection limits (Kaewphinit et al. 2012). A QCM biosensor claiming to detect whole Mtb 

and its LAM antigen in a rapid and real-time manner of less than 20 minutes, has been 

created using protein A-immobilized anti-H37Rv LAM rabbit polyclonal antibody (α-LAM) 

and anti-H37Rv whole cell guinea pig polyclonal antibody (anti-H37Rv). Minimum detection 

for this biosensor was 8.7×10
5
 cells mL

-1
 for α-LAM and 8.7×10

6
 cells mL

-1
 for anti-H37Rv 

(Hiatt and Cliffel 2012). Sensitive PQC-based biosensing can also be relevant to the type of 

crystal transducer, as detection of the 38 kDa Mtb antigen using 10 MHz piezoelectric 

crystals led to unsatisfactory results while high frequency crystals (more than 100 MHz) were 

required to achieve the desired detection limits (Jaramillo et al. 2014).  

Ren et al. (Ren et al. 2008) introduced a novel multi-channel series piezoelectric quartz 

crystal (MSPQC) sensor for rapid detection and monitoring the volatile metabolic products of 

Mtb (NH3 and CO2) during growth. The series piezoelectric crystal quartz sensors are PQC 

sensors constructed by a series of electrodes immersed in a liquid in an oscillating circuit 

possessed the advantage of detecting minute changes in conductivity (Zhou et al. 2011). 

Diffusion of metabolites from the culture medium into a KOH absorbing solution placed 

beneath, resulted in changes of the conductance of the absorbing solution that were 
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subsequently detected by the MSPQC sensor. LOD was found to be as low as 10 colony 

forming units (cfu). mL
-1

 and FDT exhibited a linear relationship in the range from 10
2
 to 10

7
 

cfu mL
-1

 with the logarithm of its initial concentration. Although this method is rapid, cheap 

and remarkably sensitive, it requires special media such as the improved Youmans medium. 

In comparison to commercially available tests such as BACTEC
TM

 MGIT
TM

 960 (Becton 

Dickinson, Sparks, MD, USA), it was shown that both methods had same accuracy in 

detection of the bacilli (detection limit of 10 cfu mL
-1

 for both systems), but the developed 

MSPQC sensor is more rapid as its FDT was shorter at the same initial concentration. In 

addition, the MSPQC sensor platform is prominently cheaper than the commercial sensor. In 

another report, a novel indirect series piezoelectric (ISP) method also based on detection of 

the bacilli metabolic products was introduced to detect drug-resistant Mtb (Ren et al. 2013). 

In this method, the detection relied on the propagation of 1% of an Mtb inoculum in drug-

containing chambers as compared to that of a drug-free chamber. When sufficient amounts of 

drugs were added into the culture chambers, the growth of drug-sensitive Mtb was affected 

and the quantification detection time QDT obtained from the frequency shift change profile 

was found to be characteristic of M. tuberculosis resistance. When the QDT of a drug-

containing chamber was found to be shorter than the QDT of the drug-free chamber (QDTt), 

then an inoculum of Mtb greater than 1% growth tuberculosis was determined and the isolate 

was considered resistant to that special drug. When comparing sensing for three independent 

methods, namely the ISP system, the Agar Proportion Method (APM) and the commercial 

BACTEC
TM

 MGIT
TM

 960 system, the mean detection time was found to be 111.7±728.45 

hours, 600.0±750.30 hours and 140.3±739.52 hours, respectively, while the detection 

sensitivity was found to be 10-10
2
 cfu mL

-1
 for all methods. It is interesting to note that the 

ISP sensor-based detection was found to be more cost effective.  

M. smegmatis is a fast-growing mycobacterium and therefore phage amplification methods 

can be operated faster than the Mtb drug-resistant detection methods evaluating for example 

minimum inhibitory concentration (MIC) and APM to detect M. tuberculosis directly. Hence, 

it seems feasible to involve mycobacteriophages in sensor-assisted TB detection. 

Mycobacteriophages are DNA viruses that specifically infect mycobacteria, replicate, lyse the 

bacilli cell wall and release their progeny phage (Hatfull 2010). Mi and co-workers coupled 

an MSPQC sensor with the mycobacteriophage D29 infection cycle to realize a phage 

amplified multi-channel series piezoelectric quartz crystal sensor (PA-MSPQC) for Mtb 

detection (Mi et al. 2011). In this platform, phage D29 initially infected Mtb and in a 

subsequent step, the phages that remained outside Mtb were inactivated by ferrous 

ammonium sulfate (FAS) while the ones inside Mtb remained active. By adding the solution 

to the detection medium containing M. smegmatis, the bacillus was infected with phage D29 

imported from Mtb resulting in restricted M. smegmatis growth. Eventually, the growth 

response curve for M. smegmatis was acquired by the MSPQC system and compared to 

normal growth of this organism (Figure 3A). This system proved to be rapid, specific, safe 

and cheap. A similar platform was used to assess drug susceptibility testing of Mtb (Mi et al. 

2014), using the same steps except pretreatment of Mtb with appropriate anti-mycobacterial 

drugs. Surviving cells were infected with phage D29 and were involved in the subsequent 

steps (Figure 3B and C). More specifically, M. smegmatis consumed medium ingredients to 
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grow, leading to medium conductivity change, which was monitored by the MSPQC sensor. 

Therefore, the growth level of M. smegmatis was interpreted proportional to the concentration 

of M. tuberculosis. Based on the CLSI (Clinical & Laboratory Standards Institute) criterion, 

the 10
5 

cfu of strains with frequency shift less than 121 Hz is regarded as resistant to 

isoniazid, ethambutol and rifampin, while when the shift was less than 92 Hz the strain is 

regarded as streptomycin-resistant. Examination of drug susceptibility of 557 Mtb isolates by 

both the proposed method and by mycobacteria growth indicator tube (MGIT) led to same 

results (sensitivity and specificity of 91% and 93% respectively) whereas the detection time 

was shortened significantly (from 110 hours required for MGIT to 35 hours needed for the 

proposed method). In a modified version of this sensor, the steel electrode of the MSPQC 

system was replaced by an interdigital gold electrode to create a more sensitive IDE–SPQC 

sensor (He et al. 2012). In this platform, the lytic phage D29 was immobilized on the surface 

of a gold electrode as probe, and M. smegmatis lysis following capture by immobilized 

phages caused a change in the electrical properties of the electrode that was monitored by the 

sensor. A detection limit of 10
3 

cfu mL
-1 

was achieved for M. smegmatis, with a detection 

time of less than 2 hours. It is worth noting that the MSPQC sensor requires at least 250 

hours for detection due to the slow growing nature of Mtb, while in the IDE–SPQC sensor 

detection can be achieved within 2 hours or less, as a result of the short time of adsorption 

and lysis and the simpler detection medium used. Based on the detection of the specific fused 

antigen CFP10-ESAT6, another IDE-MSPQC sensor was constructed using the CFP10-

ESAT6 aptamer as specific probe to attain MTB detection at 96.3h (He et al. 2016). The 

linearity range and LOD of some piezoelectric platforms for diagnosis of M. tuberculosis are 

summarized in Table 2. 

 

2. 3. Gold nanoparticle-based colorimetric approaches 

The smart control recently obtained over the extraordinary properties of nano-scaled 

materials has created unique prospects for their incorporation in a wide field of point-of-care 

diagnostics. While most traditional methods require complicated, time-consuming and high-

cost instruments that limit their use, colorimetric biosensors are coupled to reactions that lead 

to creating a visible color and can often be considered more convenient and rapid since 

changes can be observed even by naked eye (Lee et al. 2006; Wang et al. 2010). Colorimetric 

detectors are mostly characterized by simplicity in operation and lack of need for complicated 

or expensive instruments. These characteristics combined with the high absorption 

coefficients (often 1000 times greater than those of organic dyes) and excellent shape, size 

and distance dependent optical properties arising from the SPR effect render AuNPs as first 

line components for the development of colorimetric detection systems (Baptista et al. 2008; 

Liandris et al. 2009; Mirkin et al. 1996; Syed and Bokhari 2011; Yang et al. 2011; Zhao et al. 

2007). In such systems, AuNPs can be functionalized with antibodies or other ligands such as 

thiol modified ssDNA or PNA sequences (due to increased stability and mismatch sensitivity) 

(Teengam et al. 2017), complementary to pathogen-raised DNA or RNAs. In fact, building 

on the platform first described by Mirkin and co-workers (Mirkin et al. 1996), nucleotide 

probes conjugated with gold nanoparticles (AuNP-probes) have been extensively utilized for 
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mycobacterial DNA characterization in different samples. After introduction of salt (NaCl or 

MgCl2) or acids like HCl, in the absence of the complementary target (also in the case of non-

complementary or mismatched sequences), the ssDNA probes are absorbed on the AuNPs 

surface, protect them from aggregation and the solution remains red (~526 nm). However, in 

the presence of target DNA hybridizing to probe on the surface of the functionalized AuNPs 

and facilitating inter-particle crosslinking and aggregation, the color visibly turns from red to 

purple (around 600 nm) (Figure 4) (Baptista et al. 2008; Liandris et al. 2009; Mirkin et al. 

1996; Syed and Bokhari 2011). In another approach, absence of a target sequence induced 

aggregation of anion-stabilized silver nanoparticles (AgNPs) while, the presence of a target 

DNA dispersion of the nanoparticles gave rise to a detectable color change (Teengam et al. 

2017). In addition to simplicity and low-cost, gold nanoparticle-based assays have also 

demonstrated more sensitivity than Ziehl–Neelsen (ZN) acid-fast smear examination 

(Baptista et al. 2006) and the PCR (Upadhyay et al. 2006) Mtb detection from various clinical 

specimens. In an ordinary Au-nanoprobe system, an amplification process like conventional 

PCR (Soo et al. 2009; Upadhyay et al. 2006), nested-PCR (Hussain 2011), nucleic acid 

sequence-based amplification (NASBA) (Gill et al. 2008), loop-mediated isothermal 

amplification (LAMP) (Kaewphinit et al. 2013; Veigas et al. 2013), rolling circle 

amplification (RCA) (Pavankumar et al. 2016) and recombinase polymerase amplification 

(RPA) (Chuang et al. 2015), is primarily utilized to multiply the number of mycobacterial 

target sequence copies. It is important to note that in the AuNP detection systems this can be 

achieved without any pre-amplification (Liandris et al. 2009). Various mycobacterial 

genomic regions like IS6110 (Soo et al. 2006; Upadhyay et al. 2006), 16s rDNA (Hussain et 

al. 2013), rpoB (Baptista et al. 2006), katG (Pavankumar et al. 2016) and gyrB (Costa et al. 

2010) genes have been targeted to hybridization with such probes. 

In order to improve sensitivity of detection, a combination of multiplex nested PCR with 

immuno-chromatography test (ICT) has led to high specific amplification of mycobacterial 

genomic DNA and observation of a positive color response. For the detection of MTBC, 

95.5% sensitivity and 97.9% specificity was achieved, while a 93.0% sensitivity and 99.8% 

specificity was obtained for Mtb (Soo et al. 2006). However, antibodies are expensive and 

therefore, using them to create a routine test may be controversial. For this reason, similar 

platforms were developed with AuNPs along with thiol-modified oligonucleotides. This 

profile significantly reduced spending costs, as no antibodies were incorporated or other 

labels required. More importantly,  improved yields, 96.6% sensitivity and 98.9% specificity 

of MTBC detection and 99.6% specificity and 94.7% sensitivity for Mtb were achieved (Soo 

et al. 2009).  

As previously noted, mismatches or single-nucleotide polymorphisms (SNPs) within the Mtb 

genome restrain DNA strand hybridization, which results in color formation and causes 

AuNPs to remain in solution. This reduced hybridization efficiency was advantageously used 

in mycobacterial drug-resistance determination. The gene rpoB encodes the β-subunit of the 

RNA polymerase; it has an 81 bp region (codons 507–533) that contains the SNPs, which 

accounts for resistance to rifampicin (RIF). A study on SNPs associated in RIF-resistance 

using Au-nanoprobes and the INNO-LiPA Rif. TB assay (Innogenetics, Belgium) showed 

81% concordance (34 out of 42 cases) between the two methods. The lack of detection in 
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eight samples with Au-nanoprobes was further analyzed with sequencing and attributed to 

other rare SNPs that have not been introduced along probes and necessitate further 

optimization to complete recognition of RIF-resistance possibilities (Veigas et al. 2010). 

Pavankumar et al. (Pavankumar et al. 2016) studied a padlock probe-lateral flow test (PLP-

LF) in which RCA served to characterize the mutations in the katG315 and rpoB531 codons 

responsible for multi-drug resistance in Mtb. If the gene in question underwent mutation, the 

5′ and 3′ arms of padlock-shape sequence would not hybridize properly and rolling circle 

amplification would not occur. The limit of detection was measured to be as low as 3 ng of 

genomic DNA for the katG and 30 ng for the rpoB gene, while 300 ng was the limit achieved 

for simultaneous detection of both gene mutations (Pavankumar et al. 2016). The 

concordance of AuNP-based colorimetry with the aforementioned real-time PCR methods 

was 87.5% sensitivity and 100% specificity in MTBC detection (Liandris et al. 2009). In 

another study, an AuNP-based protocol conjugated with pre-amplification showed a detection 

limit of 1 ng for the PCR product and 40 ng for genomic DNA with 100% concordance with 

BACTEC™ MGIT™ and semi-nested PCR which is acceptable among these trusted 

diagnostics (Hussain et al. 2013). Coupling the LAMP method with Au-nanoprobes was 

found to reduce the time of detection compared to other amplification procedures that couple 

with Au-nanoprobes, because of the absence of need for thermal cycling (Veigas et al. 2013). 

However, the preparation of AuNPs functionalized with thiol-modified ssDNAs is not only 

complicated and time-consuming, but further requires highly trained synthetic personnel. 

Interestingly to address such issues, a paper-based tuberculosis diagnostic test based on free 

ssDNA probes and lacking the need to use modified AuNPs was recently developed (Tsai et 

al. 2013). This method achieved a low detection limit of 2.6 nM for the extracted 

mycobacterial target sequence and a low diagnosis time that indicates it could be much more 

applicable than routine Au–thiol bound probe-based methods (Tsai et al. 2013). 

The AuNP-based Mtb detection methods utilizing a conventional target DNA amplification 

step, require three hours from sample collection to characterization of the bacilli, two hours 

and 30 minutes for PCR and approximately thirty minutes for the colorimetric assay render it 

most promising among the options for point-of-care detection of TB (Silva et al. 2011). Kim 

and colleagues (Kim et al. 2013) developed a novel magnetophoretic immunoassay (MPI) 

that can detect CFP-10 in positive samples in only over 10 minutes. They reported that, with 

the use of anti-CFP-10 antibody [G2] conjugated to AuNPs, together with another anti-CFP-

10 antibody [G2] conjugated to MMPs (magnetic microparticles), the AuNP-[G2] probes 

could be removed from a solution by magnetophoresis. In the presence of CFP-10, the 

plasmon absorbance of the solution decreased and red color weakened. The detection range 

for the assay varied from 10 to 10,000 pg mL
-1

 with a detection limit of 10 pg mL
-1

 (Kim et 

al. 2013). The implementation of any research-scale diagnostic procedure in a high-

throughput framework is the desired goal for every lab-scale diagnostic module. With this 

view, a colorimetric AuNP-based platform has recently implemented within paper microplate 

wells. Detection of MTBC through a color change which was recorded by a camera of the 

generic smartphone device or other available detectors demonstrated the sensitivity and 

specificity of this method (Veigas et al. 2012). Integration of gold nanoprobes into a lab-on-a-

chip microfluidic platform in order to miniaturize reagent and sample volumes and reduce 
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costing was also feasible. In such a configuration, a disposable inexpensive microfluidic chip 

was developed that required only 3 μL of the DNA solution with a concentration of 30 ng μL
-

1
 of target DNA achieving a 20-fold reduction of required solution volume as compared to the 

bulk version of AuNP-based biosensor (Bernacka-Wojcik et al. 2013). In fact, microfluidic 

channels have recently attracted much attention in POC diagnostics as they are designed to 

accommodate all detection constituents within micro-scale channels which reduce material 

consumption and handling, along with providing a low-cost, user-friendly, detection tool 

(Farre et al. 2012). Among label-free methods for the detection of TB, the colorimetric 

methods are used as a highly specific and sensitive screening tool for the detection of 

mycobacteria directly from clinical samples (Liandris et al. 2009). 

2.4. Other label-free TB detection sensors  

The microcantilever based biosensors and mass spectroscopy (MS) have also been proven to 

be interesting systems for tuberculosis detection. In microcantilever platforms, for the of 

conversion of biorecognition into nanomechanical motion, specific antibodies need to be 

immobilize on the cantilever surface. Once patient sample containing tuberculosis antigens is 

placed on the functionalized cantilever surface, a biochemical reaction between tuberculosis 

antigens and antibodies occurs. Adsorption of antigens, increases the mass of the operating  

cantilever and results in bending (stress) of the microcantilever.  Murthy et al. designed and 

applied a microcantilever device for the detection of the TB antigen 85 complex by specific 

antibodies. The accuracy of the sensor was found to be high when length of 20 μm and width 

of 5 μm was used (Murthy et al. 2016). Microelectromechanical systems 

(MEMS)/nanoelectromechanical systems are also used for designing such biosensors to 

identify a presence of TB in a suspected patient's blood (Rao and Jasti 2016; Saeed et al. 

2016). EMS are tiny micromachined systems that are typically arranged on small chips for 

different purposes. Using such MEMS biosensors, tuberculosis can be identified very 

accurately and rapidly in comparison to other existing methods. A recent study aiming at the 

detection of primary stages of tuberculosis was based on ESAT-6. Specific antibodies 

immobilized on top of a microcantilever and patient samples consisting of ESAT-6 were 

utilized. Upon the biochemical reaction between antigens ESAT-6 and antibodies, adsorption 

of antigens resulted in bending of the microcantilever which was assessed as presence of 

tuberculosis within the patient sample (Dhakane and Patil 2014).  

MS has also proven to be a potent tool for the characterization of antigenic peptides in 

infectious TB. MS provides highly accurate molecular weight of biomarkers and highly 

reproducible results. Hence, MS coupled with liquid chromatography is a powerful 

instrument for rapidly identifying the presence of the bacteria in biological fluids (plasma, 

serum, urine or tissue) (López‐Hernández et al. 2016). The development of matrix-assisted 

laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) introduced 

an alternative method for easy, rapid and efficient identification of micro-organisms (Lay 

2001). In the past years, numerous studies utilized of MALDI-TOF-MS for accurate 

identification of mycobacteria. For example, Hettick et al. (2006) identified 16 mycobacterial 

strains. Pignone et al. (2006) reported among 37 strains of rapid and slow-growing 

mycobacteria, producing species-specific patterns for 36 of the isolates. Lotz et al. (2010) 
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used intact bacterial cells to obtain bacterial mass spectral fingerprints and verified that this 

technique could be easily performed in routine clinical laboratories by any operator in a few 

minutes. Shitikov et al. (2012) analyzed 383 clinical isolates by MALDI-TOF-MS and 

obtained 342 strains of MTB, 6 strains of M. bovis and 35 strains of non-tuberculous 

mycobacteria belonging to 16 different species. In another study, six strains of M. 

tuberculosis, such as 16S rDNA, rpoB and hsp65, were differentiated using MALDI-TOF-

MS with higher resolution than with other techniques (Wang et al. 2012). Saleeb et al. (2011) 

developed a protein extraction protocol specifically designed for mycobacteria. In this work, 

the timeline from sample preparation to results was approximately 90 min. More recently, 

Tudo et al. (2015) used MALDI-TOF-MS for analyzing of 243 mycobacterial isolates of 

positive cultures and acquired all results within a few hours. 

3. Conclusions and future perspectives  

Given that in countries with high rates of TB cases, access to cheaper reliable diagnostics is 

one of the most important goals in controlling the disease, biosensors can play a critical role. 

This review summarized a variety of label-free biosensors designed to detect TB with a 

detection sensitivity in the femtomolar range for pathogen-raised biomolecules. Analysis of 

the works published during the last two decades revealed that combination of nanomaterial 

science, microfluidics (Barroso et al. 2018; Bernacka-Wojcik et al. 2013) and nucleic acid 

technologies (aptamers and isothermal amplification techniques) provide great prospects in 

the fabrication of new TB biosensing platforms with very high detection speed, sensitivity 

and accuracy. Considering the importance of diagnosis in the latent phase, there is still a need 

for developing inexpensive devices with lower detection limits for clinical and screening 

purposes. In this review we focused on efficient sensors using low sample volumes as 

compared to the routine commercialized methods. The platforms reviewed do not require 

labels to direct detection toward a reproducible and sensitive signal. However, it seems that 

many of the platforms described here are significantly more expensive than applicable in 

developing countries so, planning simpler designs for TB DNA sensors based for example on 

deoxyribozyme (Bengtson et al. 2017) or molecular beacons (“sensor with tiered output for 

dual targets”: STODT) (Huang et al. 2017), is crucial for multiplex analysis of MDR- and 

XDR- TB. Sensors that do not require complex agents, functionalization or sophisticated 

instrumentation like the SPR sensing system can offer valuable alternatives. We anticipate 

that in the near future, simple portable diagnostic tools capable of multi analytes detection 

meeting the needs of high-prevalence areas will evolve. With these in mind, application of 

biosensors from bench to clinical diagnosis can pave the route to global objectives of TB 

control. 
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Table 1. Prominent commercially available molecular methods for TB detection and drug 

susceptibility testing. 

Detection 

goal 
Type 

Detection 

method 

Commercial 

test 

Applied 

antigen/ta

rgeted 

gene 

Advantages/disadvant

ages 

Turnarou

nd time 

limit of 

detection 
Ref. 

Diagnosin

g LTBI 
TST 

DTH 

measurement 

Mantoux test 

(Pirquet test) 
PPD 

Widely available, 

inexpensive, no 

requirement to special 

lab infrastructure, 

False-positive results in 

BCG-vaccinated 

48-72 h 
specificity 

95% 

(Simsek et 

al. 2010) 
Tine test, PPD 

Heaf test 

(Sterneedle 
PPD 
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TST: Tuberculin skin test, IGRAs: Interferon gamma release assays, DTH: delayed-type hypersensitivity, PPD: Purified 

protein derivatives, NAATs: Nucleic acid amplification tests, LAMP: loop-mediated isothermal amplification, TMA: 

Transcription mediated amplification, DST: Drug susceptibility testing. 

 

 

 

Table 2: Linearity range (LR) and limit of detection (LOD) of some label-free detection systems for 

diagnosis of M. tuberculosis 

Detection 

method 
Target LOD Linear range Detection time Ref. 

SPR 

CFP-10 antigens 100 ng mL-1 
100 ng mL-1 - 

1µg mL-1 
~ 60 min 

(Hong et al. 

2011a) 

CFP-10 antigens  0.1 - 1 µg mL-1 ~ 60 min 
(Hong et al. 

2011b) 

CFP-10 antigens 
as low as 0.1 ng 

mL-1 

0.1 - 150 ng mL-

1 
80 min 

(Chen et al. 

2013) 

thiolated single-strand 30 ng µL-1 0.05 µM 20 min (Duman and 

test) persons, have reader 

bias, two patient visit 

IGRAs 

ELISA 

QuantiFERO

N-TB-Gold-

In-Tube® 

(QFT-GIT) 

ESAT-6 , 

CFP-10 & 

TB7.7 

(p4) 

Single Patient Visit, 

Unaffected by BCG, 

reduction in X-rays 

radiation, more 

technically demanding, 

no reader bias 

16-24 h 

0.35 IU/ml  
(Metcalfe 

et al. 2013) 

ELISpot 
T-SPOT®.TB 

test 

ESAT-6 , 

CFP-10 

specificity 

~ 80.9% 

(Simsek et 

al. 2010) 

Diagnosin

g active 

TB 

disease 

and DST 

Antigen 

detection 

Immunochro

matography 

CapiliaTM TB-

Neo 
MPB 64 

Simple, consistent with 

both liquid and solid 

culture mediums 

15 min 
1.2 × 106 

CFU/mL 

(tuberculos

is Complex 

2010) 

Lateral flow 

Alere 

Determine™ 

TB LAM Ag 

Lipoarabi

nomannan 

Easier sample 

collection from urine, 

inexpensive, for HIV 

positive patients with 

low CD4 cell count 

25 min 
sensitivity 

~ 95% 

(Shah et al. 

2016) 

NAATs 

Real-time 

PCR 

GeneXpert 

MTB/RIF 
rpoB 

rapid diagnosis/Higher 

cost, more technically 

demanding (excluding 

Loopamp™) 

1h 
131 

CFU/ml 

(Zeka et al. 

2011) 

Line probe 
INNO-LiPA 

Rif. TB 
rpoB 24 h 

Not 

reported 

(Pavanku
mar et al. 

2016) 

Line probe MTBDRplus 

rpoB, 

katG and 

inhA 

24 h 
160 

bacteria/ml 

(Pavanku
mar et al. 

2016) 

LAMP 

Loopamp™ 

MTBC 

Detection Kit 

Not 

reported 
40 min 

specificity 

~ 95.1% 

(Nguyen et 

al. 2018) 

TMA 

Gen-Probe 

Amplified 

MTD Test 

16s rRNA 2.5-3.5 h 60 CFU/ml 
(Cloud et 

al. 2004) 

isothermal 

nucleic acid 

amplification 

EasyNAT® 

TB 

Diagnostic 

Kit 

gyrB 3 h 

sensitivity 

19-66.7%, 

- 

specificity 

100% 

(Bholla et 

al. 2016; 

Mhimbira 

et al. 2015) 

Real-time 

PCR 

COBAS® 

TaqMan® 

MTB Test 

16s rRNA 2.5 h 
4.0 

copies/μl 

(Kim et al. 

2011) 
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oligodeoxynucleotide 

probes (ssODNs) 

Piskin 2010) 

IS6110 and IS1081 

biomarkers 
5 fg/µL 

5 fg µL-1 - 0.5 

ng µL-1 

 18 min for 

IS6110  

21 min for 

IS1081 

(Liu et al. 2018) 

NH2-end peptide nucleic 

acid (PNA) 
1.0 ng mL-1 Not reported ~ 140 min 

(Prabhakar et al. 

2008) 

rpoB genes 10 nM Not reported 120 min 
(Rachkov et al. 

2011) 

Piezoelectric 

whole Mtb 2×103 cells mL-1 
2×103 - 3×107 

cells mL-1 
~16 h (He et al. 2003) 

whole Mtb 105 cells mL-1 
105 cells mL-1 - 

108 cells mL-1 
20 min 

(He and Zhang 

2002) 

IS6110 0.5 µg mL-1 Not reported 20 min 
(Kaewphinit et 

al. 2010a, b) 

whole Mtb and its LAM 

antigen 

8.7×105 cells mL-1 

for α-LAM 

8.7×106 cells mL-1 

for anti-H37Rv 

Not reported less than 20 min 
(Hiatt and Cliffel 

2012) 

whole Mtb 
as low as 10 CFU 

mL-1 

102 - 107 cfu 

mL-1 
24 h (Ren et al. 2008) 

whole Mtb 10-102 CFU mL-1 Not reported 40 h (Ren et al. 2013) 

Gold 

nanoparticle-

based 

colorimetric 

approaches  

katG315 and rpoB531 

codons 

as low as 3 ng of 

for the katG and 

30 ng for the rpoB 

gene 

Not reported 75 min 
(Pavankumar et 

al. 2016) 

16s rDNA 

1 ng for the PCR 

product and 40 ng 

for genomic DNA 

Not reported ~ 1 h 
(Hussain et al. 

2013) 

mycobacterial DNA 18.75 ng  Not reported 15 min 
(Liandris et al. 

2009) 

mycobacterial DNA Not reported Not reported 90 min 
(Veigas et al. 

2013) 

IS6110 dsDNA sequence 2.6 nM  Not reported ~ 1 h (Tsai et al. 2013) 

mycobacterial DNA 30μg/ml DNA Not reported 30 min 
(Silva et al. 

2011) 

CFP-10 10 pg mL-1 
10 to 10,000 pg 

mL-1 
10 min (Kim et al. 2013) 

mycobacterial DNA 10 μg ml-1 10-30 μg ml-1  
under 

2h30 min 

(Veigas et al. 

2012) 

mycobacterial DNA 
30 ng μL-1 of 

target DNA 
Not reported 30 min 

(Bernacka-

Wojcik et al. 

2013) 
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Figure 1. Different scopes of biosensing events occurring during SPR-assisted mycobacterial components 

sensing. A) General scheme of a SPR system. B) Angle shift that occurs when specific molecules (here, 

mycobacterial antigens) bind specifically to antibodies attached on thin gold film. C) Kinetic plot of antigen-

antibody interaction through SPR-based detection of mycobacterial biomolecules. In the association step, the 

mycobacterial antigen selectively binds to coated antibodies in which a rise in signal response can be observed. 

By continuous binding/unbinding of antigens to antibodies, an equilibrium phase is established and appeared as 

a plateau signal in the plot. Following this steady state, spontaneous unbinding of antigens during dissociation, 

results in signal loss over time. Reproduced from the references (Daghestani and Day 2010; Nirschl et al. 2011; 

Sharma et al. 2007). 



25 
 

 

Figure 2. A) Front view of a QCM piezoelectric immunosensor. B) Side view of the immunosensor. Electrical 

current-induced squeezing of the quartz crystal generates an oscillating frequency. Upon specific binding of 

antigens with immobilized antibodies, oscillating frequency is reduced enormously. Reproduced from the 

references (Kumar Singh and Verma 2014; Skládal 2003; Wu and Grant 2004). 
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Figure 3. A) In the presence of Mtb in medium, its phages are exported to M. smegmatis and growth of the latter 

mycobacterium is restricted. B) Drug resistant strains of Mtb remain viable and in the subsequent step, can 

protect the phage D29 from inactivation. The protected phages then infect M. smegmatis, which finally 

influences the growth of M. smegmatis. C) Drug sensitive strains of Mtb are inactivated by drug pretreatment, 

which therefore cannot protect phages from FAS. Thus, M. smegmatis growth is not affected by the phages. 

Reproduced from the references (Mi et al. 2011, 2014) 
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Figure 4. The salt-induced aggregation/dispersion of AuNPs in the colorimetric detection of Mtb. A) By adding 

salt, if the target DNA is present in the medium hybridization occurs and medium color changes to purple. B) A 

negative response yields a peak around 520 nm (red) while in the presence of the target mycobacterial genomic 

material this peak shifts to ~600 nm. Reproduced from the references (Veigas et al. 2014; Verma et al. 2015). 
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highlights 

 We review label-free nano-biosensors for tuberculosis detection. 

 We provide a focused overview on nano-scale label-free approaches for tuberculosis 

detection with a detection sensitivity in the femtomolar range for pathogen-raised 

biomolecules.  

 We stress the importance of efficient sensors using low sample volumes as compared 

to the routine commercialized methods. 
 




