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Abstract

Background

Pulmonary Tuberculosis (TB) is diagnosed through sputum samples. As sputum sampling

is challenging in children and cachexic patients, the development of diagnostic tests using

saliva appears promising but has been discouraged due to low bacterial load and poor sen-

sitivity. Here, we present a novel and rapid method to enrich Mycobacterium tuberculosis

(Mtb) from saliva, which may serve as a basis for a diagnostic saliva test.

Methods

Lipobiotin-functionalized magnetic beads (LMBs) were incubated with Mtb-spiked PBS and

saliva from healthy donors as well as with saliva from TB patients. Flow cytometry was used

to evaluate the capacity of the beads to bind Mtb, while real-time quantitative polymerase

chain reaction (qPCR) was utilized to detect Mtb and determine the amount of mycobacterial

DNA in different sample types.

Results

We found that LMBs bind Mtb efficiently when compared to non-functionalized beads. The

development of an qPCR assay based on the use of LMBs (LMB assay) allowed us to enrich

mycobacterial DNA in spiked sample types, including PBS and saliva from healthy donors

(enrichment of up to ~8.7 fold). In Mtb-spiked saliva samples, we found that the LMB assay
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improved the detection rate of 102 bacteria in a volume of 5 ml from 0 out of 15 (0%) to 6 out

of 15 (40%). Consistent with that, the LMB assay increased the rate of correctly identified

saliva samples from TB patients in two independent cohorts.

Conclusions

Implementation of the principle of the LMB-based assay may improve the sensitivity of exist-

ing diagnostic techniques, e.g. by functionalizing materials that facilitate Mtb sampling from

the oral cavity.

Introduction

Worldwide, tuberculosis (TB) is one of the top-ten causes of death and the leading cause of

death from a single bacterial agent [1]. Every year, one million children worldwide fall ill with

TB, which corresponds to about 10% of all TB cases. Due to its early manifestation without a

prolonged phase of latency, childhood TB is a key prognostic factor for the rate of infection in

a population. However, children often develop no or non-specific symptoms and the estab-

lished diagnostic tests are not always applicable to children, because children have difficulties

in producing sputum [2]. Furthermore, handicapped or weak patients are often unable to

cough up enough material for analysis. About 30% of all patients are not able to produce spu-

tum [3].

In pulmonary TB, bacteria are primarily found in the lungs but enter the pharynx and oral

cavity through coughing. Therefore, saliva has long been considered a feasible and readily

available diagnostic material. As early as 1909, Neild et al. detected mycobacteria in saliva with

a Ziehl-Neelsen stain [4]. Over the following decades, it was commonly accepted that saliva is

not a suitable biomaterial because it contains only 0.1–1% of the bacterial concentration in

sputum [5–8]. However, PCR-based approaches were able to detect Mycobacterium tuberculo-
sis (Mtb) in saliva, suggesting that saliva is a reasonable and valuable alternative when sputum

could not be generated [9–11]. Nevertheless, the low bacterial count in saliva remains a prob-

lem, because of reduced sensitivity [8]. This could be changed through an assay enriching the

bacteria from saliva prior to detection. Based on our previous work showing an intercalation

of the lipopeptide lipobiotin into the mycobacterial membrane [12], we developed a novel

method using lipobiotin-functionalized magnetic beads to enrich Mtb from solutions and

saliva for further analysis by PCR [5].

Material and methods

Bacteria and colony forming units (CFU) analysis

mCherry10-expressing Mycobacterium tuberculosis (Mtb) was generated as described else-

where [13]. Mtb H37Rv was obtained from American Type Culture Collection ((ATCC)

27294, Manassas, VA, USA). Strains were cultured as described in detail elsewhere [14]. In

order to generate frozen stocks, mid-log-phase bacterial suspensions (OD600, 0.2 to 0.4) were

stored at −80˚C. After four weeks of storage, the number of bacteria (colony forming units,

CFU) was determined by plating serial tenfold dilutions on 7H10 plates (0.05% Tween 80 /

10% heat-inactivated bovine serum in phosphate buffered saline (PBS)) and counting colonies

after 3–4 weeks of incubation at 37˚C.
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For spiking experiments, frozen stocks of Mtb H37Rv were thawed, centrifuged (4000xg),

bacteria re-suspended in PBS and a defined amount of this solution added to buffer or saliva

samples. To address the impact of proteinase K plus DTT treatment on bacterial viability, Mtb

H37Rv spiked PBS samples were incubated in the presence or absence of Proteinase K (18U/

ml, Carl Roth, Karlsruhe, Germany) and Dithiothreitol (DTT, 2mM, Sigma-Aldrich, St. Louis,

USA) for 60 minutes at 37˚C and subsequently subjected to CFU analysis as described.

Lipobiotin-functionalization of magnetic beads

5.6 x 108 magnetic beads (Micromer-M, polystyrene body, surface: PEG-COOH, 5μm; in

dH20) were incubated with 12.8 mg N-hydroxysuccinimide (NHS) and 6.4 mg 1-ethyl-3-

(3-dimethylaminopropyl) carbodiimide (EDC) in 20% [v/v] 2-(N-morpholino)ethanesulfonic

acid (MES) buffer (pH 6.3) and agitated for 1.5 hours. Activated beads were washed twice with

PBS and then incubated with the biotinylated lipopeptide lipobiotin (PHCKKKKK(Aca-Aca-

Biotin) x 3 TFA, N-Palmitoyl-S-(1,2-bishexadecyloxy-carbonyl) ethyl-[R]-cysteinyl-[S]-lysyl-

[S]-lysyl-[S]-lysyl-[S]-lysyl-[S]-lysine(ε-aminocaproyl-�-aminocaproyl-biotinyl) x 3

CF3COOH (EMC Microcollections, Tübingen, Germany) at 1.5 mg/ml in carbonate buffer

(pH 9.2) at RT for 4.5 hours. Functionalized beads were washed twice with PBS and incubated

in 10mM ethanolamine (in carbonate buffer; pH 9.2) to block unreacted ester groups (1h, RT).

Lipobiotin-functionalized magnetic beads (LMB) were washed, re-suspended in PBS and kept

at 4˚C. Non-functionalized magnetic beads (NMB) that were equally washed and re-sus-

pended in PBS served as a control.

Treatment of Mtb-spiked buffer samples with magnetic beads

PBS (0.5 ml) was spiked with Mtb H37Rv bacteria at the indicated concentrations. Subse-

quently, 4.6x106 LMBs or NMBs were added and samples incubated at 37˚C for 1 hour on a

thermomixer (60 rpm; Eppendorf, Hamburg, Germany). After this step, beads were retained

in the tube by use of a magnet (DynaMag-2 Magnet, Life technologies) and washed two times

with PBS. Finally, beads were re-suspended in Tris and EDTA (TE) buffer (pH 10) before pro-

ceeding further.

Saliva collection

Saliva samples were collected without stimulation from healthy donors or from patients with

drug-sensitive, sputum smear positive pulmonary TB at different times of the day and were

subsequently stored at -80˚C. Samples were pseudonymized and processed in an observer-

blinded fashion. The study was approved by the Ethics Committee of the University of Lue-

beck (ref. 14-079A).

Treatment of saliva samples with LMBs

The treatment with LMBs, also referred to as "LMB assay", for enrichment and quantification

of mycobacterial DNA in saliva samples can be summarized as following. Saliva samples were

thawed and either spiked with Mtb H37Rv or directly pre-treated with Proteinase K (18U/ml)

and Dithiothreitol (DTT, 2mM) for 45 minutes at 37˚C (Fig 6, step 1). Subsequently, samples

were centrifuged (150xg), and supernatants transferred into fresh tubes. 4.6x106 LMBs were

added and samples incubated for 60 minutes at 37˚C (Step 2). Samples were centrifuged

(3629xg), and beads retained in the tube by use of a magnet (Step 3). Subsequently, beads were

washed twice with PBS and re-suspended in TE buffer (pH 10), and heat-treated for the release

of the DNA (95˚C, 30 mins). After DNA purification and concentration by ethanol
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precipitation (step 4, for further details see below), samples were subjected to real-time quanti-

tative PCR analysis (step 5, for details see below).

Rheology

Saliva samples were mixed with proteinase K (18U/ml) and DTT (2mM) or with the same vol-

ume of dH2O as control and incubated (45 minutes, 37˚C, 60rpm) on a roller mixer. The rheo-

logical properties of the saliva were measured using a Bohlin Rheometer (Bohlin CVO 120

High Resolution, Malvern Instruments Ltd., UK) and the 40mm diameter plate-plate appara-

tus. The slit width was set to 150μm and the temperature was constant at 36˚C. The change in

viscosity of 1 ml of each sample was recorded with a shear profile of 1 s-1 to 100 s-1. Measure-

ments were repeated three times.

Flow cytometry

In order to assess the binding of Mtb bacteria to beads, mCherry10-expressing Mtb (at the

concentration indicated) in PBS were incubated with 1.57x106 LMBs or NMBs for 60 mins at

37˚C and beads were separated by use of a magnet (see above). Subsequently, beads were

washed twice with PBS and subjected to flow cytometric analysis (BD FACSCanto™ II (B&D

Biosciences, Franklin Lakes, USA)). Data was analyzed by use of FCS Express 7.10.0007

(DeNovo Software, Los Angeles, USA) and earlier versions.

DNA extraction and purification by ethanol precipitation

Samples containing Mtb were heat-treated on a thermomixer (95˚C, 30 minutes, 1400 rpm).

Subsequently, in order to concentrate and purify the extracted DNA, samples were vortexed in

the presence of ethanol (81% [v/v], VWR International, Radnor, USA) ammonium acetate

(9% [v/v], Thermo Fisher Scientific, Waltham, USA) and 60 μg glycogen (Roche, Basel, Swit-

zerland) and incubated overnight at -20˚C. Following centrifugation (30 minutes, 16.200xg),

the supernatant was discarded. This step was repeated. Subsequently, the pellet was washed

with ethanol (75% [v/v] and sample centrifuged (10 minutes, 16.200xg). Finally, the pellet was

air dried for 15 minutes and dissolved in 5μl H2O before proceeding further.

Real-time quantitative PCR (qPCR)

For detection of Mtb DNA, real-time quantitative PCR (qPCR) was performed based on a pre-

viously published protocol that detects a region in Rv2819 of Mtb [15]. In a final volume of

10 μl TaqMan Universal PCR Master Mix (Roche), forward and reverse primer (nBjF(5’-
aagcattcccttgacagtcgaa); nBjR(5’-ggcgcatgactcgaaagaag) 500nM each),

fluorescein-(FAM)-BlackBerry-(BBQ)-non-Beijing-Probe-(5’-6FAM-tcatcaaagac
cctcttggaaggccc-BBQ; 200nM), double distilled water and the isolated Mtb DNA were

mixed in a 96 well plate. The plate was sealed and centrifuged (2 minutes, 180xg, 4˚C) before

analysis with the LightCycler 480 Instrument II (Roche; Preincubation, 95˚C, 10 min; Dena-

turation, 92˚C, 15s; Extension, 60˚C, 60s; Cooling, 40˚C, 10s for 50 cycles).

Statistical analysis

Statistical evaluation was performed by use of R 3.5.0 and the R package nparLD (Open

Source; [16]). The data was analysed by use of non-parametric analyses of variance for

repeated measurements [16] and the obtained p-values were adjusted to the total number of

tests performed in the study. For each dataset, data from all bacterial doses were included in

the statistical evaluation.
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Results

Mtb binds to lipobiotin-functionalized magnetic beads (LMBs)

To assess whether lipobiotin-functionalized magnetic beads (LMBs) are of potential use to

enrich Mtb bacteria from patient material such as saliva, we assessed whether Mtb bacteria

bind to LMBs and compared the binding to non-functionalized magnetic beads (NMBs).

Thus, PBS-samples (0.5ml) were spiked with various numbers of fluorescent, mCherry-

expressing Mtb bacteria (106, 107 or 108 bacteria per 0.5ml; equivalent of 2x106 - 2x108 bacteria

per ml) and incubated in the presence of LMBs or NMBs. Subsequently, magnetic beads were

isolated, washed and subjected to flow cytometric analyses. As shown in Fig 1, the median

fluorescence intensity increased in a dose-dependent manner with increasing numbers of

added bacteria when samples were incubated with LMBs. In contrast, there was no substantial

increase in median fluorescence intensity for samples incubated with NMBs, irrespectively of

the amount of bacteria added. Considering data from all bacterial doses, a highly significant

increase in fluorescence intensity was observed when LMBs were compared to NMBs

(p = 3.729186 x 10−26), strongly suggesting that Mtb bacteria bind to lipobiotin-functionalized

beads, whereas only minimal or no binding occurs with non-functionalized beads.

Fig 1. Mtb binds to Lipobiotin-functionalized magnetic beads (LMBs). mCherry-expressing Mtb bacteria were incubated

in the presence of non-functionalized magnetic beads (NMBs) or lipobiotin-functionalized magnetic beads (LMBs) for 1h at

37˚C. Subsequently, beads were washed and subjected to flow cytometry analysis. Line at each condition indicates the

median of four independent experiments. A non-parametric analysis of variance for repeated measurements was used as a

statistical test, which included data from all doses of bacteria (NMBs vs. LMBs; p = 3.729186 x 10−26).

https://doi.org/10.1371/journal.pone.0265554.g001
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LMB pre-treatment (LMB assay) improves qPCR-based detection of

mycobacterial DNA in Mtb-spiked buffer samples

qPCR is utilized as a molecular diagnostic test for tuberculosis by detecting mycobacterial

DNA in samples. Thus, we assessed whether utilization of LMBs could improve qPCR-based

detection of Mtb. In a first set of experiments, we spiked various amounts of Mtb H37Rv

(102,103 and 104 bacteria per 0.5ml, equivalent of 2x102 - 2x104 bacteria per ml) to PBS samples

(0.5 ml), which were then left untreated or underwent pre-treatment with LMBs. The magnetic

beads were separated from the samples by use of a magnetic stand and–after two washing

steps–re-suspended in PBS. The same volume of untreated or LMB pre-treated sample was

subjected to heat treatment (95˚C, 30 min), DNA purification and qPCR analysis detecting a

well-established target in Mtb [15]. As depicted in Fig 2, with 104 bacteria, Mtb was not detect-

able in 1 out of 6 (17.3%) of the cases when samples were untreated, while all samples were

tested positive when samples were pre-treated with LMBs (LMB assay). Notably, treatment

reduced the average ct-values from 37.6 to 33.9 indicative of an increased concentration of

Mtb DNA in samples treated with the LMB assay. After determining the reaction efficiency of

the conducted qPCR (E = 1.77, compare S1 Fig) we calculated the relative DNA concentration

of the samples. For 104 bacteria, this analysis revealed an ~8.7-fold enrichment of Mtb DNA in

LMB-assay treated samples when compared to untreated samples. In line with this, with 103

bacteria, Mtb was not detectable in 4 out of 6 (66.6%) of the cases when samples were

untreated, while all samples were tested positive when samples were pre-treated with the LMB

assay. Similarly, with 102 bacteria, Mtb DNA was not detected when samples were left

untreated, but in 50% of the LMB-assay treated samples. In summary, LMB pre-treatment sub-

stantially reduced the mean ct-values and the rate of false negative PCR results. Results from

this first set of experiments analysing aqueous, Mtb-spiked samples suggest that LMB pre-

treatment has the potential to improve qPCR-based detection of Mtb also in other biological

fluids.

Treatment with proteinase K plus DTT does not affect Mtb viability, but

reduces viscosity of saliva samples

In contrast to aqueous solution, saliva has a higher viscosity, which may interfere with the

binding of Mtb to the LMBs. To circumvent this issue, we aimed to perform a pre-treatment

employing the protease proteinase K and the reducing agent dithiothreitol (DTT). This treat-

ment, however, could affect viability of Mtb. Thus, we first incubated Mtb for 60 minutes at

37˚C with Proteinase K (18U/ml) and DTT (2mM) and plated the bacteria on solid 7H10 agar,

revealing similar CFU counts between untreated and Proteinase K/DTT- treated samples (S2

Fig, p = 0.3753). Second, to test the anti-viscosity effect of these compounds, we incubated

saliva samples for 45 minutes at 37˚C in the absence and presence of Proteinase K (18U/ml)

plus DTT (2mM). Rheological analyses revealed that the viscosity of the saliva samples varied

considerably between donors (Table 1). Importantly, treatment with Proteinase K plus DTT

for already 45 minutes reduced the viscosity of saliva samples in all donors compared to the

respective untreated controls. In summary, our data show that Proteinase K / DTT treatment

reduces viscosity of saliva samples, while not affecting viability of Mtb.

LMB assay improves detection of mycobacterial DNA in Mtb-spiked saliva

samples

To test whether the LMB assay improves qPCR-based detection of Mtb in saliva, samples

obtained from healthy donors (5 ml) were incubated with Proteinase K plus DTT, spiked with
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different amounts of Mtb (102–105 per 5ml; equivalent of 2x101 - 2x104 bacteria per ml) and

were either left untreated or LMB-assay treated prior to heat-treatment, DNA extraction and

qPCR analysis. With 105 bacteria, all samples (15 in each group) were tested positive, irrespec-

tive of whether the LMB-assay was used or not (Fig 3). Importantly, the mean ct values

decreased from 36.99 to 34.5, which represents an enrichment of DNA concentration by per-

forming the LMB assay of 4.2-fold, when considering the reaction efficiency of the qPCR

(E = 1.77, see S1 Fig). With 104 bacteria, Mtb was not detectable in 10 out of 15 (66.6%) of the

untreated samples, whereas detection rate remained at 100% with prior LMB-Assay. Similarly,

with 103 bacteria, Mtb was not detectable in 9 out of 15 (60%) of the cases, while the LMB

assay allowed Mtb detection in 93% of the samples. Strikingly, the LMB-Assay allowed the

Fig 2. The effect of the LMB-assay on qPCR-based detection of Mtb in buffer. PBS samples were spiked with Mtb

H37Rv and either left untreated or underwent pre-treatment with LMBs (LMB assay). The same volume of untreated

or LMB pre-treated sample was subjected to heat treatment, DNA purification and qPCR analysis. The horizontal line

at each condition depicts the median of data from one representative out of two conducted experiments with six

technical replicates. Above each condition, the percentage (%) of samples in which no signal could be detected (not

detectable, n.d.) is given.

https://doi.org/10.1371/journal.pone.0265554.g002
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detection of 102 Mtb in 40% of the samples (6 out of 15), whereas Mtb DNA detection was not

possible without prior LMB-Assay (0 out of 15). Importantly, when integrating data from all

bacterial doses, ct-values were significantly reduced when statistically comparing LMB assay-

treated with untreated samples (p = 6.038205 x10-35). In summary, our data demonstrate that

the LMB-Assay improves qPCR-based detection of Mtb in spiked saliva samples, suggesting it

to be a valuable tool to enrich bacteria even from biological fluid with a high viscosity.

Table 1. Viscosity of saliva samples with and without proteinase K / DTT treatment.

Native viscosity, (Pa�s�10−4) Viscosity after proteinase K/ DTT treatment, (Pa�s�10−4) Viscosity reduction (%)

Sample 1 26.24 (±0.38) 4.26 (±0.77) 83.7

Sample 2 16.18 (±0.48) 3.85 (±0.29) 76.2

Sample 3 8.14 (±0.99) 3.82 (±0.44) 53.0

Sample 4 7.19 (±0.12) 3.97 (±0.32) 44.7

Sample 5 4.93 (± 0.72) 3.86 (±0.59) 21.7

https://doi.org/10.1371/journal.pone.0265554.t001

Fig 3. The effect of LMB assay on qPCR-based detection of Mtb in saliva. Saliva samples from healthy subjects were spiked with Mtb H37Rv and

either left untreated or underwent pre-treatment with LMBs (LMB assay). The same volume of untreated or LMB pre-treated sample was subjected to

heat treatment, DNA purification and qPCR analysis. Line at each condition indicates the median of data from five independent experiments each

consisting of three technical replicates. Above each condition, the percentage (%) of samples in which no signal could be detected (not detectable, n.d.)

is given. Ctrl, control, no bacteria added. A non-parametric analysis of variance for repeated measurements was used as a statistical test, which

included data from all doses of bacteria (untreated vs LMB assay; p = 6.038205 x 10−35).

https://doi.org/10.1371/journal.pone.0265554.g003
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Mtb DNA detection in saliva samples from TB-patients

To assess whether the LMB assay can improve a saliva-sample based diagnosis of pulmonary

tuberculosis, two cohorts were tested in an observer-blinded manner, each consisting of ten

saliva samples from healthy subjects (as a control for specificity) and eight and nine saliva sam-

ples from sputum-smear positive patients, respectively (Figs 4 and 5). One fraction of each

sample was left untreated (control), while another fraction was incubated with LMBs before

Fig 4. The effect of LMB assay on qPCR-based detection of Mtb in saliva from TB patients and healthy subjects (cohort #1). Saliva was collected from TB

patients (A) and healthy subjects (B). Samples were divided into two fractions that were either left untreated or were incubated with LMBs (LMB assay) before

undergoing heat treatment, DNA isolation, and qPCR analysis. Analysis of three technical replicates per condition is shown with the line at median. For TB

patients (A), the percentage (%) of samples in which no signal could be detected (not detectable, n.d.) is given above the graph. Statistical analysis was

conducted with a non-parametric analysis of variance for repeated measurements comparing untreated vs LMB assay-treated samples (A): p = 0.7506.

https://doi.org/10.1371/journal.pone.0265554.g004
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undergoing heat treatment, DNA isolation, and qPCR analysis (LMB assay; workflow as

shown in Fig 6). Notably, from each saliva sample, three technical replicates were conducted

and detection of Mtb was considered positive if any values were recorded positive. According

to this, in the first cohort (Fig 4A), Mtb was detected in 44,4% of the TB patients when samples

were left untreated (Sample ID 1, 3, 6 and 8; 4 out of 9), while detection of Mtb improved to

66,67% when LMB assay was employed prior to the qPCR (Sample ID 1, 2, 3, 6, 8, and 9; 6 out

of 9). However, the average ct-values in the four patients detected with both methods did not

Fig 5. The effect of LMB assay on qPCR-based detection of Mtb in saliva from TB patients and healthy subjects (cohort #2). Saliva samples from TB

patients (A) and healthy subjects (B) were divided into two fractions that were either left untreated or were incubated with LMBs (LMB assay) before

undergoing heat treatment, DNA isolation, and qPCR analysis. Analysis of three technical replicates is shown with the line at median. For TB patients (A), the

percentage (%) of samples in which no signal could be detected (not detectable, n.d.) is given above the graph. Statistical analysis was conducted with a non-

parametric analysis of variance for repeated measurements comparing untreated vs LMB assay-treated samples (A): p = 0.0253).

https://doi.org/10.1371/journal.pone.0265554.g005
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change, and there was no statistically significant difference between the groups (p = 0.7506). In

addition, in one patient (sample ID 9), qPCR detection after performing the LMB assay

appeared less robust, as positive results were obtained in only two out of three cases in the

technical replicates. Finally, there were no differences in the healthy subject’s samples with

10% false positive results for control and LMB assay (Fig 4B).

In the second cohort (Fig 5), positive qPCR signals were detected in 50% and 75% of cases,

respectively, when untreated and LMB assay-treated samples were compared (Fig 5A). In two

patients, Mtb was detected only when the LMB assay was applied (Sample ID 2 and 4). In four

patients, both methods lead to a positive detection (Sample ID 1, 6, 7, 8), but the LMB assay

showed a more reliable positive readout of the replicates and lowered the mean ct-value in two

patients substantially (Sample ID 6 and 7). Consistent with that, we found significantly

reduced ct-values in LMB-assay treated saliva samples when compared to untreated samples

(p = 0.0253), confirming that the LMB assay improves qPCR-based detection of mycobacterial

DNA in this cohort. Surprisingly, the LMB assay led to three single positive PCR results (10%

out of 30 tests performed) in saliva samples from healthy subjects compared to those that were

left untreated (Fig 5, sample ID 15, 16 and 19). Consequently, we again collected saliva (2 of 3

donors were available), re-examined the samples and this time obtained negative qPCR results,

regardless of whether the LMB test was performed or not (S3 Fig, sample ID 15 and 19).

In summary, our data from two small cohorts show that more TB patients can be correctly

identified from saliva analysis when samples were subjected to LMB assay prior to analysis.

Discussion

In this study, we present a novel and rapid method to enrich Mtb from saliva based on lipobio-

tin-functionalized magnetic beads (LMBs) (Fig 6). The use of the LMB assay in samples spiked

with Mtb increased the mycobacterial DNA concentration by 4.2–8.7-fold, thereby substan-

tially improving the qPCR-based detection of Mtb. In saliva samples from healthy donors that

were spiked with Mtb, we found that the LMB assay improves the detection rate of 102 bacteria

in a volume of 5 ml from 0 out of 15 (0%) to 6 out of 15 (40%). In addition, we show that more

TB patients can be correctly identified from saliva by qPCR when samples were treated with

the LMB assay. When combining data from two small patient cohorts, 8 out of 17 TB patients

Fig 6. Schematic illustration of the Lipobiotin magnetic bead assay (LMB assay). After saliva collection, saliva samples were pre-treated with proteinase K

(18U/ml) and dithiothreitol (DTT, 2mM) for 45 mins at 37˚C (Step 1). Lipobiotin-functionalized magnetic beads (4.6x106 LMBs) were added and samples

incubated for 60 mins at 37˚C (step 2). Subsequently, beads were isolated by centrifugation and by use of a magnet (DynaMag-2 Magnet) (Step 3). After this

step, samples were heat-treated (95˚C, 30 mins) and extracted DNA purified and concentrated by ethanol precipitation (Step 4). Finally, samples were

subjected to real-time quantitative PCR analysis (5).

https://doi.org/10.1371/journal.pone.0265554.g006
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tested were correctly identified by qPCR when saliva was left untreated, while the detection

rate increased to 12 out of 17 when saliva was treated with the LMB assay. Our findings may

open an opportunity towards an improved Mtb detection even in patients who are unable to

expectorate.

We provide evidence that the LMB assay improves qPCR-based detection of Mtb in spiked

samples, but also in saliva derived from TB patients. The LMB assay is based on the interaction of

Mtb with bead-bound lipobiotin, a molecule previously used to isolate Mtb-containing intracellu-

lar compartments from macrophages [12]. During functionalization, lipobiotin is covalently

bound to the polyethylene glycol (PEG) layer on the bead surface, leaving the lipophilic part of

the molecule containing three fatty acids available for attachment of mycobacteria. In the first

cohort from sputum smear-positive patients diagnosed with TB, the Mtb detection rate from

saliva was slightly improved, but the LMB assay did not significantly enhance mycobacterial

DNA concentration in the samples. In the second cohort investigated, the LMB-assay not only

reduced the number of false negative results, but also enriched mycobacterial DNA in the sam-

ples significantly, supporting our pre-clinical findings from Mtb-spiked saliva samples. These dis-

crepancies between the cohorts may have been due to the different bacterial loads of the patients

but may also be a result of issues with the functionalization of the batch of beads used in cohort

#1. Based on our observations, we hypothesized that the batch of beads used for cohort #1 may

have had a lower capture molecule density on the bead surface, however we currently have no

data to proof this hypothesis. Thus, the issue of consistent functionalization of the magnetic

beads should be considered and addressed in future studies. A homogeneous surface coating

would facilitate reliable Mtb detection from saliva, but may require additional technical develop-

ment steps, which were beyond the focus of our study.

To prove the presence of Mtb bacteria in body fluids such as saliva, not only mycobacterial

DNA but also mycobacterial proteins can be detected. Recently, it has been shown that the

detection of the mycobacterial proteins MPT64 and CFP-10 by immuno-PCR can be

improved by using functionalised gold nanoparticles. Similarly to the method we present here,

this approach can improve the detection of Mtb in body fluids [17].

The developed LMB-Assay proved to be rather resilient to environmental factors, which is

important for the implementation in high-prevalence countries with fewer resources. Natural

variations of saliva viscosity were overcome by the pre-treatment with proteinase K and DTT,

which did not negatively influence Mtb viability or detection. The principle of the LMB-Assay

that we describe has the potential to improve TB diagnostics even in low resource settings.

Currently, our investigations were limited to ex-vivo experiments on bacterial enrichment.

Ideally, lipobiotin as a capture molecule would be attached to a chewable, porous matrix that

could collect Mtb directly from the oral cavity. This diagnostic chewing gum or sponge would

not only collect Mtb from saliva but also from dental and mucosal surfaces by abrasive shear-

ing. Especially in children and patients that are unable to expectorate sputum, this approach is

worth investigating. We are convinced that implementing the principle of the LMB-Assay into

current ex-vivo diagnostic algorithms could improve the sensitivity of existing tests.

Conclusion

An innovative LMB assay was developed to enrich Mtb from saliva samples. Lipobiotin coated

beads interacting with the bacteria were able to bind Mtb in buffer and saliva, enrich their

DNA and augment the detection by qPCR. In small cohorts of TB-patients, we showed that

the LMB-Assay has a potential to improve the sensitivity of TB diagnostics. Eventually, using

the ligand on a chewable matrix, our method may be suitable for the development of a diag-

nostic chewing gum for the detection of TB.
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Supporting information

S1 Fig. Standard curve for the conducted qPCR to detect Mtb DNA. After DNA extraction,

two-fold serial dilutions were analysed by qPCR detecting a region in Rv2819 from Mtb. A

simple linear regression was conducted, revealing the efficiency of this qPCR reaction

(E = 1.77, 77%). Using this standard curve, the (relative) DNA concentration of unknown sam-

ples (based on their ct-values) was calculated based on the formula Y(Ct) = -3,998�X(log(con-

centration) + 33,56. Obtained relative DNA concentrations were used to estimate the fold

enrichment of Mtb DNA in LMB assay treated samples as given in the main text.

(TIF)

S2 Fig. Effect of proteinase K / DTT treatment on Mtb viability. The indicated concentra-

tion of Mtb H37Rv was incubated in the absence and presence of Proteinase K (18U/ml) plus

DTT (2mM) for 1h at 37˚C. Colony forming units were determined as described in Material
and Methods. Statistical analysis using an U-Test comparing control (PBS) and Proteinase K

+DTT treated samples showed no significant differences between the groups (p = 0.3753).

Line at each condition indicates the median of 3 independent experiments.

(TIF)

S3 Fig. The effect of LMB assay on qPCR-based detection of Mtb in saliva from selected

healthy subjects from cohort #2. From two healthy subjects (sample ID 15 and 19), which

were tested positive in the first experiment (compare to Fig 5) and that were available for re-

testing, saliva was collected. Subsequently, sample was split into two fractions and left

untreated or incubated with LMBs (LMB assay) before undergoing heat treatment, DNA isola-

tion, and qPCR analysis. Analysis of three technical replicates is shown with the line at median.

n.d., not detectable.

(TIF)

S1 Table. Data depicted in Fig 1.

(XLSX)

S2 Table. Data depicted in Fig 2.

(XLSX)

S3 Table. Data depicted in Fig 3.

(XLSX)

S4 Table. Data depicted in Fig 4.

(XLSX)

S5 Table. Data depicted in Fig 5.

(XLSX)
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