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Abstract

Advances occurred during the last years in the diagnosis of Mycobacterium tuberculosis (Mtb), 

the causative agent of tuberculosis infection, have prompted increased survival rates of patients. 

However, limitations related to the inefficiency of an early detection still remain: some 

techniques and laboratory methods do not have enough specificity, most instruments are 

expensive, and require handling by trained staff. In order to contribute to a prompt and effective 

diagnosis of tuberculosis, we report the development of a portable, user-friendly and low-cost 

biosensor device for its early detection. By using a label-free miniaturized Surface Plasmon 

Resonance (SPR) biosensor, we have established a direct immunoassay for the direct detection 

and quantification of the Heat shock protein X (HspX) of Mtb, a well-established biomarker of 

this pathogen, directly in pre-treated sputum samples. The method relies on highly specific 

monoclonal antibodies which are previously immobilized on the plasmonic sensor surface. This 

technology allows the direct detection of the biomarker without amplification steps, showing a 

Limit of Detection (LOD) of 0.63 ng mL-1 and a Limit of Quantification (LOQ) of 2.12 ng mL-1. 

The direct analysis in pre-treated sputum shows significant differences in the HspX 

concentration in patients with tuberculosis (with concentration levels in the order of 116-175 ng 

mL-1) compared with non-tuberculosis infected patients (values below the LOQ of the assay).
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Tuberculosis (TB) is one of the most impactful infectious diseases with the highest morbidity 

and mortality in human history.1,2 According to the World Health Organization (WHO) in 2017, 

10.4 million new cases and 1.3 million deaths were attributed to this disease. Moreover, a third 

of the world’s population is calculated to be latently infected, with an asymptomatic and non-

transmissible state.3–5 WHO also estimated that 13 % of tuberculosis patients have HIV5 and 

480.000 cases per year are multidrug-resistant (MDR) owing to inadequate use of antibiotics, 

poor adherence to anti-TB drugs and to insufficient monitoring of drug resistance.2,6,7 Around 3 

million people who are not diagnosed each year contribute with the high incidence of TB, 

becoming a source of dissemination of Mycobacterium tuberculosis (Mtb).3 There is a lack of 

novel detection methods for the diagnosis of TB that can be used in low resource countries, 

especially in remote populations and that can overcome for instance the low sensitivity of 

microscopy and the delay in the diagnosis through bacteria culture (around two to six weeks).2,8 

During the infection period, patients without treatment can transmit the bacillus to other people, 

and therefore a prompt diagnosis could guarantees their survival.9,10 

Currently, several TB diagnostic methods have been implemented and endorsed by the WHO 

for the identification of Mtb, such as conventional bright field microscopy using Ziehl-Neelsen 

(ZN) staining,11 LED-fluorescence microscopy12 and auramine O staining to identify the 

presence of Acid-Fast Bacilli (AFB) in sputum smear.2,13 TB blood tests which evaluate the 

immunological response to Mtb (i.e. Mantoux tuberculin skin test (TST), and Interferon-γ-

Release Assays (IGRA))14,15 are widely applied to diagnose latent TB infection (LTBI). 

However, TST gives false-positive results in patients who have been vaccinated with Bacillus 

Calmette-Guérin and both types of tests could give inaccurate responses in patients with 

immunocompromised conditions as HIV/AIDS.16 In order to improve the efficiency, specificity 

and accuracy of the diagnosis, WHO recommended nucleic acid amplification test (NAAT) 

which uses PCR to amplify and detect mycobacterial rRNA or DNA directly in blood, sputum, 

and other human biological fluids (i.e. Loop-mediated Isothermal Amplification PCR PURE-

TB-LAMP17,18 and GeneXpert MTB/RIF®.19 Furthermore, promising biomarkers of Mtb such as 

lipoarabinomannan (LAM),20,21 ESAT-6,22 CFP-10,23 Ag85B,4 GlcB,24 and MPT-5125 found in 

blood, sputum, cerebrospinal fluid and urine have been studied by ELISA.26–28 Nevertheless, 

these techniques are expensive, and still require sophisticated equipment, trained personnel and 

controlled environments, hindering the TB diagnosis in low-resource settings .18,29

For these reasons, WHO recognizes the need for new and more sensitive and specific strategies 

to improve early TB diagnosis, such as the design of portable Point-of-Care (POC) devices, 

which stand out as an alternative to the conventional techniques by offering significant 

advantages as simplicity, portability and affordability. These features can eventually make them 

accessible to the majority of population, thus helping reduce the global infection rate.3,30 Several 
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POC devices based on the detection of Mtb biomarkers have been reported. For example, a 

lateral flow immunochromatography for the detection of LAM in urine is currently 

commercialized (i.e. Alere Determine™ TB LAM). This biomarker has also been detected in 

urine using a nanophotonic POC biosensor in a label free configuration20 or in a planar 

waveguide based biosensors using fluorescent labeled antibodies.21 Nevertheless, this 

lipopolysaccharide is not only found in Mtb, but also in other mycobacteria.31 Other examples 

are based on the use of Surface Plasmon Resonance (SPR) biosensing for the detection of the 

CFP-10 antigen in urine,32,33 Ag85 in sputum34 and DNA fragments in plasma,24 the use of a 

mobile-phone mediated plasmonic ELISA to detect ESAT-6 and CFP-10,35 or the use of 

electrochemical devices for the detection of volatile organic compounds (VOC) of Mtb (i.e. 

cyclohexane and benzene derivatives).36 The use of these biosensors can be inexpensive, simple 

and fast, but also suffer drawbacks from variable and inconsistent sensitivity (14 – 86 %) and 

low specificity (47 - 89 %).37–40

A critical point in developing a new POC test for TB diagnosis is the selection of the 

appropriate biomarker to be detected. The heat shock protein HspX (known as α-crystalline 

homologous or 16 KDa) is secreted along the growth curve of Mtb and is a promising Mtb 

biomarker for the early diagnosis of TB24,26,41 or for the construction of new vaccines .42,43 Heat 

shock proteins prevent the aggregation of denatured proteins and facilitate the reassembly by 

other chaperone proteins. This function is particularly important in Mtb because it must 

withstand extreme environments once it enters the alveolar macrophages, and in turn, forms the 

granulomas in the lungs.44 Consequently, HspX stabilizes proteins and cellular structures to 

survive in this hostile environment, providing a high degree of resistance to the bacteria, 

escaping the host’s innate immune system. This protein is considered as one of the main 

immunologically active mycobacterial antigen after infection and it is expressed at high levels 

by bacterial pathogens during adaptation for intracellular survival,26 which makes it a promising 

biomarker for the early, rapid and direct detection of Mtb.42 The detection of HspX for active 

TB has been evaluated mainly by ELISA in human serum,25,45,46 pleural fluid,45,47 sputum45 and 

cerebrospinal fluid (CSF).24,45 For latent TB detection has only tested by ELISA in serum.41,46,48

To evaluate the potential of the HspX as biomarker for the diagnosis of active tuberculosis, we 

have implemented a quantitative and label-free SPR based immunoassay for its direct detection 

in human samples. A direct immunoassay approach using specific monoclonal antibodies 

previously immobilized on the sensor surface has been fully established, achieving excellent 

sensitivity and reproducibility. Pre-treated sputum from human samples was directly evaluated, 

exemplifying the achievement of a rapid and simple test for quantification of the HspX protein. 

The SPR biosensor has been designed as a portable, user-friendly POC device that requires low 

Page 4 of 22

ACS Paragon Plus Environment

ACS Infectious Diseases

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



sample volume of pre-treated sputum from TB patients. Our approach could offer a valuable 

alternative to current available strategies for the early detection and diagnosis of tuberculosis. 

Results and Discussion
Cloning, expression and purification of rHspX protein

We have adopted a strategy to express the recombinant HspX protein because we need to obtain 

a sufficient amount of this antigen in order to perform the optimization of the immunoassays 

and the quantification of the pre-treated sputums. First, the PCR amplification of hspX gene 

(436 bp) was confirmed by agarose gel electrophoresis as shown in Fig. S2 in SI. The amplified 

gene was cloned into the vector pET100/D-TOPO and the ligation was evaluated by PCR 

amplification with the T7 promoter primers of the vector (data not shown). PCR fragments of 

the expected size (711 bp), corresponding to the hspX gene (436 bp) inserted in the TOPO 

cloning site, were confirmed for correct orientation by a digestion with two restriction enzymes: 

EcoRI and BgLII (Fig. S3 in SI). Sanger sequencing confirms the correct rhspX gene in two of 

three selected clones (Fig. S4 in SI). Clone 10 had a mutation in the nucleotide 307 (an A for a 

G) from start codon and was not used for further analysis. 

Transformation of E. coli BL21 (DE3) cells were performed in order to express the rHspX by 

induction with IPTG. According to Taylor et al. [43], HspX is expressed in the stationary phase. 

Therefore, expression of rHspX (diluted 1/10 and 1/100) was analyzed at 4 and 16 h of growth 

in a western blot using anti-HisG (1:10000) against the N-terminal 6xHis tag of the vector. Fig. 

S5 in SI, shows the expression of a protein of 16 kDa according to the molecular weight size 

marker. Expression at 4 h of induction was higher than at 16 h according with the intensity of 

the bands (Fig. S5 in SI). Likewise, detection with mAb anti-HspX (1:5000) was assessed (data 

not shown). Solubility tests were carried out to determine in which fractions the highest amount 

of recombinant protein was present. The rHspX is obtained in both the soluble and the insoluble 

fraction but a highest concentration is present in the insoluble fraction (Fig. S6 in SI). Protein 

dimers and trimers are also observed due to bands with a double and triple molecular weight.49

The purification of the rHspX was performed by affinity chromatography (using the 6xHis-

tagged recombinant protein). The presence of the protein was visualized by SDS-PAGE and 

western blot. The rHspX was eluted from the retention fraction R1 and R2, as can be seen in 

Fig. S7 in SI. The protein was dialyzed, lyophilized and diluted in PBS buffer. A stock solution 

with a final concentration of 84.63 µg mL-1 (as determined with the Bradford test) was used for 

the assay development. 

Direct immunoassay development

Ideally, a POC device should allow the detection of analytes in a single step and, if possible, 

directly in the biological fluid. Thus, a direct assay, based on the immobilization of anti-HspX 
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as the bioreceptor on the gold sensor chips was selected. A schematic representation of the 

biofunctionalization strategy, based on the covalent attachment of the antibodies to carboxyl-

modified surfaces, and the subsequent direct detection are shown in Fig. 1. Parameters as the 

composition of the carboxyl SAM and the buffer conditions were evaluated in order to provide 

an optimal and efficient immobilization. Gold sensor chips were modified using thiol chemistry, 

preparing a mixed SAM of organic thiols that incorporate a chain of ethylene glycol (EG) in 

their structure to reduce non-specific adsorption of biological samples.50 A thiol with a 

carboxylic end (EG-COOH) was used to attach the antibodies, and another one with a hydroxyl 

end (EG-OH) to space out the antibodies. Two different ratios 1 mM (3:7 and 7:3) were 

assessed and the effect of the pH in the immobilization was also evaluated. The immobilization 

is more efficient at low pHs, mainly at pH 4.0-4.5 as it is summarized in the Fig. S9A in SI. 

This can be due to the establishment of more favorable electrostatic interactions prior to the 

coupling between the SAM and the antibody. In this way, the mAb is concentrated slightly on 

the sensor surface, which increases the reaction yield. All steps of the immobilization of the 

mAb (20 µg mL-1) for both ratios were monitored in-situ in real time by the plasmonic biosensor 

(see Fig. 2A). 

Fig. 1. Scheme of the direct assay employed for the detection of the HspX protein

According to the immobilization values, a pH = 4.0 was selected and the calibration curves 

based on inter-assays (three calibration curves obtained with three different biofunctionalized 

chips) for rHspX were obtained for both thiol ratios (see Fig. 2B). The detectability was similar 

for both ratios (see Table 1), although the maximum signal of immobilization was higher for the 

COOH:OH ratio of 7:3, which was finally selected. Representative real-time sensorgrams at 

different rHspX concentrations in PBST are shown in Fig. 2C. In all cases, the average signal-

to-noise ratio was very similar (ΔλSPR= 0.0023 ± 0.0009). This low level of noise directly 
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correlated with a low LOD below 1 ng mL-1 (see Table 1). Furthermore, the coefficients of 

variability (CV) of the inter-assays (especially for the selected combination) confirm the 

excellent reproducibility and robustness of immunoassays. Finally, the exceptional robustness 

of the antibody-coated surface robustness was demonstrated through successive regeneration 

cycles, being possible to get reusable surfaces for at least 33 cycles (see Fig. S9B in SI). 

Fig. 2. (A) Real-time SPR sensorgram showing the immobilization steps over 1 mM COOH: 
OH thiols ratios 3:7 and 7:3 (activation of carboxylic groups, mAb anti-HspX immobilization 
(20 µg mL-1) in acetate buffer pH 4.0 and blocking with ethanolamine of remaining activated 
groups). (B) Calibration curves of inter-assay in PBST over mAb anti-HspX biofunctionalized 
(20 µg mL-1, pH 4.0) in COOH:OH ratio 3:7 (pink), 7:3 (green), and BSA as a negative control 
(blue).  (C) Real time sensorgrams showing the ΔλSPR for rHspX over mAb biofunctionalized 
(20 µg mL-1, pH 4.0) in COOH:OH ratio 7:3 at different rHspX concentrations in PBST.

Sputum matrix effect on rHspX immunoassay

Sputum is a viscous mixture of cellular and biochemical composition of the peripheral airways 

and the alveolar compartment that appears when there is a chronic inflammatory disease of the 

respiratory tract such as asthma, chronic bronchitis, tuberculosis or cystic fibrosis. It consists of 

95 % water and 5 % solids that vary according to the disease (i.e. carbohydrates, lipids, DNA, 

filamentous actin, lipids and proteoglycans).51 This composition might affect the performance of 

the biosensor (i.e. hindering antibody-antigen interaction or causing non-specific adsorptions). 

Thus, in order to assess the diagnosis potential of the biosensor, we evaluated the feasibility of 
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directly measuring sputum samples. As can be observed in the Fig. 3A, untreated sputum 

coming from non-tuberculous samples (UNTSS) directly injected resulted in a high signal 

(ΔλSPR= 1.29 ± 0.023) (purple sensorgram), as a result of the non-specific adsorptions of the 

viscous fluid onto the functionalized sensor chip. However, applying a standard 

decontamination protocol commonly used with this kind of samples (i.e. PNTSS) resulted in a 

much lower background (green sensorgram), but not enough to completely eliminate the 

nonspecific binding. This was finally achieved by further diluting the pre-treated sample in 

PBST 1:1 (red sensorgram). Under these conditions the interaction of the rHspX with the 

immobilized antibody was unaffected (see orange and blue sensorgrams for rHspX sample 

prepared in PBST and PNTSS:PBST 1:1, respectively). The Fig. S9C in the SI shows the real 

time sensorgrams for different rHspX concentrations prepared in PNTSS (1:1) and the 

calibration curve obtained with these conditions is graphed in the Fig. 3B and Table 1. Although 

the signals are slightly lower in diluted pretreated sputum, the detectability parameters are 

analogous within the linear range (from the LOQ around 2.1 – 2.4 ng mL-1 and LOD around 0.6 

– 0.7 ng mL-1 to saturation signal). CV values, between 5 – 6 % for the inter-assays confirm the 

excellent reproducibility to enable the direct detection of very low concentrations of HspX in 

pre-treated sputum samples even after a dilution of 50 %. 

Fig. 3. (A) Matrix effect of untreated non tuberculous sputum (UNTSS, purple line), pre-treated 
non tuberculous sputum (PNTSS, green line), and PNTSS diluted in PBST 1:1 (red line) over an 
antibody coated sensor chip (COOH:OH ratio 7:3). No rHspX has been added. Orange and blue 
line show the rHspX binding (1.0 µg mL-1) in PBST and PTNSS:PBST 1:1 respectively. (B) 
Calibration curves for rHspX protein in PBST and PNTSS:PBST 1:1. Each point represents the 
mean ± SD of three replicates.
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Table 1. Analytical features of direct immunoassays in buffer and pre-treated sputum
LOD (ng mL-1)a LOQ (ng mL-1)aCOOH:OH 

Ratio Protein Buffer conditions
Mean ± SD CV (%) Mean ± SD CV (%)

3:7 rHspX PBST 0.92 ± 0.14 15.2 3.13 ± 0.48 15.3
7:3 rHspX PBST 0.72 ± 0.04 5.55 2.41 ± 0.13 5.39
7:3 rHspX PNTSS:PBST (1:1) 0.63 ± 0.03 4.76 2.12 ± 0.11 5.19

a: LOD and CV obtained from inter-assays (three calibration curves obtained with three different chips)

Accuracy study with blind samples 

The accuracy study was carried out evaluating seven blind samples (B1-B7) of rHspX protein 

prepared in PNTSS:PBST 1:1 and measured by triplicate. Known concentrations were chosen 

within and over the working range of the calibration curve. Samples B2, B4 and B6 required 

additional dilutions (2, 3 and 5-fold respectively) to be within the working range. The results are 

summarized in Table 2 and as can be observed, recoveries between 97 and 112 % were 

obtained, which is within the commonly accepted values in conventional immunoassays (i.e. 80-

120 %), confirming good levels of accuracy in pre-treated sputum.

Table 2. Accuracy study with blind samples and the SPR immunosensor

Samples Real concentration 
(ng mL-1)

SPR immunosensor
Mean ± SD (ng mL-1)a Recovery (%) CV (%)

B1 70 67.89 ± 1.97 96.99 2.90
B2 200 200.9 ± 3.35 100.4 1.67
B3 50 51.74 ± 2.31 103.5 4.46
B4 300 297.8 ± 7.00 99.27 2.35
B5 10 11.28 ± 0.67 112.8 5.94
B6 500 501.0 ± 10.2 100.2 2.03
B7 20 20.18 ± 1.45 100.9 7.18

a: average of three measurements.

Analysis of patient sputum samples

Table 3 shows the level of bacilli seen by microscopy (baciloscopy) as well as the time to 

positivity and culture results of these samples. We have evaluated 12 pre-treated sputum 

samples (S1-S12) from five patients, all diagnosed with TB (Table 3A). Up to 22 pre-treated 

sputum samples from non-tuberculous patients (S13 – S34) were also included as negative 

controls (Table 3B) as described in the experimental section. All control samples were negative 

for Mtb. NTM (nontuberculous mycobacteria) species were identified in three of them (M. 

intracellulare, M. avium and M. celatum respectively in samples S19, S22 and S26). 

Each sample was diluted 1:1 with PBST and measured directly in real-time and replicated twice. 

Signals were interpolated in the calibration curve with PNTSS (1:1) (see Fig 3B (red curve)). 

The HspX concentrations for each sample are summarized in Table 3. The median, maximum 

and minimum values are shown in Fig. 4 for TB and non-TB patients, where significant 

statistical difference can be observed between them. We found a faint correlation between the 

concentration of HspX and the level of baciloscopy. The presence of a metabolically variable 
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population of bacilli in each sample could explain that result. Remarkably, in tuberculous 

samples previously confirmed by culture methods and Xpert MTB/Rif® but with negative 

baciloscopy, the detection of the HspX protein was possible, which demonstrates a high 

sensitivity of our biosensor device (Table 3). Moreover, detection of HspX by SPR biosensor 

was possible at least one week before positivity of the culture (Table 3A) thus allowing an early 

diagnosis of the disease. Finally, the SPR procedure developed showed to be Mtb specific, due 

to the absence of cross reactivity with HspX protein of other slow grower mycobacteria. 

From our knowledge this is the first work reporting HspX in sputum samples, whose 

concentration ranges between 116 to 175 ng mL-1. These values are lower than those reported in 

cerebrospinal fluid, where HspX has been detected in concentrations up to 18 μg mL-1.24

Non-TB patients TB patients
0

50

100

150

200

Real samples

H
sp

X 
(n

g 
m

L-1
)

Figure 4. Levels of HspX protein concentration of pre-treated sputum samples from tuberculous 
(TB) patients (n=12) and non-TB patients (n=22). Median, maximum and minimum values are 
shown.

Conclusions
We have designed and developed a complete strategy for the direct and label-free detection of 

HspX TB antigen employing a SPR biosensor. Our approach provides a reliable, reproducible 

and sensitive detection of the protein in sputum samples, it requires low volume of sputum 

samples and has a short turnaround time (only 35 - 40 min considering pre-treatment of sputum 

and analysis) which makes it especially attractive for an early diagnosis of TB. An effective 

protocol for the expression and purification of HspX protein has been set up, obtaining a high 

expression yield in just four hours. This has allowed obtaining a sufficient amount of protein to 

perform the entire assay development and optimization. The biofunctionalization strategy based 

on EG thiols provides a simple and robust sensing layer for biofunctionalization although the 

pre-treatment of sputum is still needed to obtain a reliable analysis of the biomarker. Applying 

this pre-treatment facilitates however its direct analysis, without the need of using any 

additional amplification step, reaching a LOD of 0.63 ng mL-1 and a working range between 2.1 

and approximately 125 ng mL-1. The biosensor based assay shows an excellent accuracy, as 
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demonstrated with recovery values close to 100 % when blind samples were analyzed. Finally, 

the analysis of real sputum samples from TB patients confirmed the diagnostic potential of the 

biosensor tool, being possible to observe significant statistical differences between TB and non-

TB samples. Concentrations of HspX protein up to 175 ng mL-1 were detected. From our 

knowledge, this is the first reported concentration values reported for this biomarker in sputum. 

Although more data might be needed to confirm the sensitivity and specificity that we have 

seeing of this biomarker for early detection, our results pave the way towards the 

implementation of such analysis in a portable, miniaturized POC platform as a fast and user-

friendly tool for clinical diagnosis practice, which could eventually be used during the check-up 

in primary healthcare units.

Table 3. Clinical sputum samples analysis

(A) Sputum 
sample Patient BLa [HspX] (µg mL-1)

Mean ± SD CV (%) TTP
(days) Culture

S1 1 4 146.6 ± 34.1 23.26 7 +
S2 1 4 123.2 ± 10.1 8.20 10 +
S3 1 2 147.0 ± 4.4 2.99 ND ND
S4 1 4 162.9 ± 4.3 2.63 ND ND
S5 2 0 140.0 ± 15.3 10.91 18 +
S6 2 1 134.0 ± 29.1 21.74 10 +
S7 2 0 116.3 ± 1.8 1.61 16 +
S8 2 0 129.1 ± 24.4 18.92 12 +
S9 3 1 142.4 ± 0.4 0.30 14 +
S10 4 2 175.0 ± 4.0 2.30 14 +
S11 5 4 141.5 ± 1.7 1.21 7 +

T
ub

er
cu

lo
us

 p
at

ie
nt

s

S12 5 4 143.6 ± 1.3 0.90 7 +

(B) Sputum 
sample Patient BLa [HspX] (µg mL-1)

Mean ± SD CV (%) TTP
(days) Culture

S13 7 0 2.13 ± 0.18 8.39 NA NA
S14 8 0 1.88 ± 0.18 9.50 NA NA
S15 9 0 1.62 ± 0.17 10.9 NA NA
S16 10 0 2.51 ± 0.36 14.2 NA NA
S17 11 0 2.38 ± 0.18 7.51 NA NA
S18 12 0 1.88 ± 0.17 9.50 NA NA
S19 13 0 2.64 ± 0.18 6.80 NA NA
S20 14 0 2.50 ± 0.34 13.6 NA NA
S21 15 0 2.56 ± 0.07 2.80 NA NA
S22 16 0 2.69 ± 0.11 4.01 NA NA
S23 17 0 2.67 ± 0.09 3.35 NA NA
S24 18 0 2.70 ± 0.09 3.32 NA NA
S25 19 0 1.95 ± 0.29 14.6 NA NA
S26 20 0 2.42 ± 0.23 9.62 NA NA
S27 21 0 2.41 ± 0.14 5.95 NA NA
S28 22 0 2.67 ± 0.09 3.35 NA NA
S29 23 0 2.65 ± 0.20 7.45 NA NA
S30 24 0 2.67 ± 0.13 4.70 NA NA
S31 25 0 2.84 ± 0.25 8.86 NA NA

N
on

-T
ub

er
cu

lo
us

 p
at

ie
nt

s

S32 26 0 1.86 ± 0.12 6.70 NA NA
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S33 27 0 2.41 ± 0.21 8.90 NA NA
S34 28 0 2.55 ± 0.05 2.11 NA NA

a: BL: Baciloscopy levels: 0 = none; 1= paucibacilary to 4= multibacilary); TTP: time to positivity of the culture; ND: 
no data; NA: not applicable

Experimental section
Study patients and sputum sampling

A total of 12 pre-treated tuberculous sputum samples (PTSS, S1-S12) from five patients were 

included in the study, and 22 pre-treated non-tuberculous sputum samples (PNTSS) from 22 

patients (S13-S34) were evaluated and employed during the optimization of the immunoassays. 

In addition, two samples of untreated non-tuberculous sputum sample (UNTSS) were used as a 

control of sputum matrix. All samples (pre-treated or untreated samples) were collected in 

sterile containers for diagnostic purposes by the Service of Clinical Microbiology from La Paz 

University Hospital Madrid (Spain). The local Ethics Committee Hospital La Paz approved the 

study protocol. Standard diagnostic procedures were performed to test the presence of Mtb 

bacilli in the samples, including fluorescent acid-fast staining and growth in liquid medium 

BACTEC MGIT 960 (Becton Dickinson) as well as in solid medium Löwenstein-Jensen. The 

GenoType Mycobacterium CM (Bruker) or Xpert MTB/Rif® (Cepheid) were used for Mtb 

confirmation.

Pretreatment for decontamination of samples has followed standard procedures. In brief, a 

mixture of N-acetyl-L-cysteine, sodium citrate and NaOH was added to the sample until 

complete dilution and then it was neutralized with PBS buffer pH 6.8 (BBL™ MycoPrep™, 

BD). Finally, samples were centrifuged at 4 ºC, 3000 g for 15 min. The supernatant was 

discarded in a bottle with sodium hypochlorite (5 g L-1) leaving a sediment of 500 µL. These 

pretreated samples were stored at -20 ºC until analysis. Aliquots of these pre-treated samples 

(PTSS) were placed in Eppendorf tubes containing a guanidine chloride buffer (preservative 

agent that halts the bacterial metabolism) and glass beads. The untreated non-tuberculous 

sample (UNTSS) was placed only in the guanidine chloride buffer. In order to lyse the bacteria, 

the aliquots were subjected to 7 pulses of lysis with a speed of 5.0 m s-1 during 60 s, in a 

fastprep-24, and maintaining the samples in ice between pulses. The supernatant was collected 

by centrifugation at 4 ºC, 12000 rpm during 5 min and stored at -70 ºC until analysis.52 The 

obtained lysate supernatants were evaluated with the SPR biosensor.

Bacterial strains and growth conditions

Recombinant protein (rHspX) was produced in bacterial expression systems at Corporación 

Corpogen (Bogotá, Colombia). Reference DNA H37Rv of Mtb was obtained from Corporación 

para Investigaciones Biológicas (CIB) (Medellín, Colombia). Conservation strain E. coli TOP10 

and competent strain E. coli BL21 (DE3) were acquired from Thermo Fisher (Massachusetts, 
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USA). Strains were grown in Luria-Bertani broth (LB) and LB agar plates, ampicillin (100 µg 

mL-1) was added to the media when required. 

Cloning, expression and purification of rHspX

Amplification of the encoding hspX gene, 436 base pairs (pb) was carried out by PCR using as 

template the genomic DNA of Mtb H37Rv. The following upstream and downstream primers 

were used for the PCR: 5'-CAC CGC CAC CAC CCT TCC-3' and 5'-TCA GTT GGT GGA 

CCG GAT CT-3'. The amplification product was visualized by electrophoresis in agarose gel 

stained with SYBR Green. The PCR product was purified and ligated into the vector pET100/D-

TOPO (5760 bp) (Thermo Fisher Scientific, Massachusetts, USA) and cells of E. coli TOP10 

were transformed. The plasmid map of pET100/D-TOPO vector with the gene hspX is depicted 

in the Fig. S1 in SI. The clone containing the hspX gene was verified by sequence (Macrogen, 

Inc, Korea). For the expression of the rHspX, the plasmid pET100-hspX was transformed in E. 

coli BL21 (DE3) (Invitrogen, Carlsbad, CA, USA). The transformed E. coli was plated on LB 

media containing ampicillin (100 µg mL-1). The recombinant clone was cultured in liquid media 

(LB) supplemented with ampicillin and the expression of the protein was induced with 

isopropyl-β-D-1-thiogalactopyranoside solution (IPTG, 0.5 mM), incubated at 37ºC, 200 rpm 

for 4 and 16 h [27,43,45]. Cells were broken by FastPrep (Thermo Scientific, MA, USA), (3 

cycles at a speed of 5.0 m s-1, for 40 s, leaving samples on ice for 5 min between each cycle).

The soluble and insoluble fractions of rHspX were analyzed by polyacrylamide gel 

electrophoresis SDS-PAGE 14 % and by western blot. The recombinant protein was detected 

using anti-HisG (anti-histidine) 1:10000 f or 1 h and with the monoclonal antibody anti-HspX 

(Abcam, Cambridge, UK) 1:5000 for 2 h. Anti-mouse IgG 1:5000 was used as a secondary 

antibody. The immunorecognition was detected by the peroxidase enzyme kit.53 Subsequently, 

protein was purified by Ni2+ chromatography of 50 % Ni-NTA purification system following the 

manufacturer instructions. Both, the non-retained fraction and the retained fraction were 

evaluated by electrophoresis and western blot. Finally, the culture of E. coli BL21 (DE3) was 

scaled to 1.5 L, purified and dialyzed by Float-A-lyzer G2 Dialysis device MWCO: 8-10 KDa 

(Spectrumlabs, FL, USA) in Milli-Q water, then, lyophilized at 0.5 mbar and -51.7 ºC (Telstar 

Cryodos, UK). The final concentration of HspX protein was quantified by Bradford’s reagent 

(Bio-Rad, UK). 

SPR biosensor device

The rHspX detection assays were developed with a homemade compact SPR device. A 

schematic representation of the sensing principle and a picture of the plasmonic biosensor 

platform are shown in Fig. S8A in the SI. The optical components of the SPR biosensor and the 

fluidic channel to keep running fluid continuously over the gold sensor chip (glass surface 

coated with Ti 1 nm/Au 49 nm) have been previously described.54 The resonance spectra of the 
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sensor chips shows a minimum in the reflection at λSPR (675 nm), which is monitored in real-

time via polynomial fit using custom designed readout software (see Fig. S8B in SI). Chemical 

interactions occurring at the gold sensor surface (i.e. biointeraction events) generate variations 

of the RI which correlates with wavelength displacements of the minimum (ΔSPR). Therefore, 

SPR is directly related to mass changes resulting from binding events (leading to higher RI and 

shifts to higher wavelengths) or desorptions (leading to lower RI and shifts to lower 

wavelengths) occurring on the surface (Fig. S8C in SI).

Surface functionalization

Gold sensor chips were cleaned by heating and sonication for 1 min each step with acetone, 

ethanol and Milli-Q water. Then, the chips were dried with N2 stream and dipped in a freshly 

prepared piranha solution (H2SO4/H2O2, 7:3) for 1 min. Finally, they were rinsed with Milli-Q 

water, ethanol and dried with N2 stream. A mixed self-assembled monolayer (SAM) was formed 

on the gold sensor surface with a solution of thiols HS-C11-(EG)6-O-CH2-COOH (EG-COOH) 

and HS-C11-(EG)4-OH (EG-OH) (EG-COOH:EG-OH,1 mM). The sensor chips were immersed 

in the thiol solution and heated at 40 ºC for 10 min. Then, they were incubated overnight at 

room temperature. The sensor chips were placed in the optical platform and closed with the 

microfluidic cell for biofunctionalization. The antibody immobilization was performed under a 

continuous flow of Milli-Q water. The carboxylic groups of the generated SAM were first 

activated as carbodiimide esters by flowing a mixed solution of EDC/NHS (0.2 M /0.05 M) in 

MES buffer for 30 min at 20 µL min-1. Subsequently, an anti-HspX monoclonal antibody (mAb) 

solution (20 µg mL-1) was injected at 15 µL min-1. The remaining unreacted groups were then 

deactivated with an aqueous solution of ethanolamine (1 M pH 8.5) for 2 min at 30 µL min-1. 

Finally, antibody-biofunctionalized sensor chips were kept under a continuous flow of PBS or 

PBST buffer at 30 µL min-1.

SPR direct immunoassay performance

A calibration curve of the detection of the rHspX was obtained after evaluating different protein 

concentrations (between 7.8 and 1000 ng mL-1) from a stock solution of rHspX (84.6 µg mL-1). 

Triplicate analysis was carried out for each concentration. Each standard sample was injected 

randomly over the antibody coated sensor surface at a flow rate of 30 µL min-1. A regeneration 

process to dissociate the antigen-antibody interaction was achieved by injecting 3 mM NaOH at 

35 µL min-1 for 120 s. The average signal and standard deviation (ΔλSPR ± SD) was graphed 

versus the injected analyte concentration. The data were fitted to a one-site specific binding 

model curve:

𝒚 =  
𝑨𝒙

𝑩 +  𝒙
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Where x is the concentration, y is the response signal, A is the extrapolated maximum signal 

obtained by the specific analyte and B is related to the equilibrium binding constant. The LOD 

(Limit of Detection) and the LOQ (Limit of Quantification) were calculated as the concentration 

corresponding to the blank signal plus three and ten times its SD respectively. BSA was used to 

confirm the specificity of the assays. Data analysis and fitting was performed using Origin Pro 

and GraphPad-Prism software. 

Real sputum sample evaluation

For the evaluation of the sputum samples, non-tuberculous samples (UNTSS and PNTSS) as 

negative controls were tested. Undiluted UNTSS and PNTSS samples and PNTSS samples 

diluted 1:1 with PBST were injected in the biosensor at a flow rate of 30 µL min-1. Each sample 

was measured by triplicate. In order to evaluate the accuracy of the assay, seven blind samples 

of known concentration of rHspX (B1-B6) were prepared in PNTSS using concentrations within 

and over the working range and then diluted in PBST 1:1 prior analysis. Blind samples B2, B4 

and B6 with concentrations over the working range, required an additional dilution factor of 2, 3 

and 5-fold respectively. The % Recovery was calculated as:

Recovery %= 
[𝐁𝐥𝐢𝐧𝐝 𝐬𝐚𝐦𝐩𝐥𝐞 ]𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅

[𝐁𝐥𝐢𝐧𝐝 𝐬𝐚𝐦𝐩𝐥𝐞]𝒓𝒆𝒂𝒍
× 𝟏𝟎𝟎

Finally, 15 tuberculous samples PTSS (S1-S15) and 22 non-tuberculous samples PNTSS (S16-

S37) were evaluated with the optimized protocol. Signals were interpolated in the calibration 

curve performed with PNTSS (1:1). Real samples were also measured in triplicate and the 

average, SD and the coefficient of variability (CV) were calculated. 
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