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Tuberculosis (TB) is a resurgent infectious disease affecting a large number of people in the developing countries.
An on-site, affordable diagnostic screening at an early-stage for an immediate anti-TB treatment is known to
tremendously minimize the high mortality rates. Lipoarabinomannan (LAM), a surface glycolipid, has been
identified as a potential TB biomarker present in urine at ultra-low concentrations of a few fg/mL. Here, we
report a plasmonic fiber optic absorbance biosensor (P-FAB) strategy for mannosylated LAM (Man-LAM or Mtb
LAM) detection down to attomolar concentrations. It involves a plasmonic sandwich immunoassay on a U-bent
fiber optic probe with gold plasmonic (AuNP) labels functionalized with anti-Mtb LAM immunoglobulin M (IgM)
and anti-Mtb LAM IgG respectively. The Mtb LAM is quantified in terms of absorption of light passing through the
fiber probe using a green LED and a photodetector. The choice of fiber optic probes (fused silica versus polymer),
the optimum size (20, 40, 60 and 80 nm) and concentration (2 x , 10 x , and 20 x ) of AuNP labels were
investigated to obtain high sensitivity and lower limits of analyte detection (LoD). P-FAB with a simple LED-
photodetector pair, 200 pm fused silica U-bent fiber probe and 60 nm (20 x ) AuNP labels gave LoDs down
to 1 fg/mL and 10 fg/mL in the buffer and synthetic urine respectively. Moreover, the anti-Mtb LAM IgM bound
sensor probes and the AuNP reagent stored at 4 °C were stable up to 45 days. P-FAB based Mtb LAM sensor
demonstrates its potential for an on-site TB diagnosis.

1. Introduction

Tuberculosis (TB), a chronic disease caused by the bacteria Myco-
bacterium tuberculosis (Mtb), re-emerged over past two decades as a
major global health challenge mainly because several developing
countries including India suffer from a high burden of TB, multi-drug
resistant TB and HIV-TB co-infection (Daley, 2019; Macneil et al.,
2019; World Health Organisation, 2019). The high mortality rate in the
case of TB infection is mainly due to the delayed diagnosis that, in turn
leads to the severity of the disease resulting in the chronic disability of
lungs. This further intensifies the chance of disease transmission, and
also healthcare expenditure (Dheda et al., 2013). Early diagnosis and the
start of timely anti-TB treatment have been shown to reduce the mor-
tality rate significantly and spreading of infection (Holtz et al., 2011).
Presently practiced standard TB diagnostic tests rely on detecting Mtb
through the culture of sputum samples or sputum smear microscopy
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(Parry et al., 1995; Habeenzu et al., 1998; Caviedes et al., 2000; Cho and
Brennan, 2007) are limited by very long turn-around time (2-3 weeks)
and requirement of sophisticated biosafety level 3 (BSL3) laboratories
(Hamasur et al., 2001). While the Xpert MTB/RIF, a nucleic acid
amplification test (NAAT), recommended by WHO allows a rapid and
accurate diagnosis for patients with symptoms of TB. Although, the
capital requirement for the equipment and subsidy on each test has
limited its reach in resource-poor developing countries such as India. On
the other hand, these techniques are not suitable for the diagnosis of
extrapulmonary TB cases and in pediatric patients where sputum aspi-
ration is difficult.

As an alternative to the above-mentioned techniques, the presence of
several Mtb antigens in the serum, urine, or other bodily fluids has been
widely investigated to establish them as potential biomarkers (Druszc-
zynska et al., 2017; Gopinath and Singh, 2009; Steingart et al., 2011). In
the recent past, lipoarabinomannan (LAM), a glycolipid of 17-18 kDa
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and an integral component of the cell wall and cell membrane of Mtb and
accounting for about 15% of the total bacterial dry weight, has been
widely explored as a biomarker for TB diagnosis (Hamasur et al., 2001).
It is known that LAM is released into the blood stream during an active
TB infection, and is assumed to be cleared through kidneys and thus
appears in the urine in an antigenically intact form, irrespective of the
anatomical location of the infection (Hamasur et al., 2001). Several
recent studies show a strong evidence for the presence of LAM up to a
few ng/mL in pre-concentrated urine samples of patients with active TB
without HIV co-infection and/or renal tract infections (Amin et al.,
2018; Bulterys et al., 2019; Paris et al., 2017). Thus, urinary LAM could
be a potential biomarker for not only pulmonary TB but also certain
non-conventional TB cases such as pulmonary TB with insufficient
sputum sample for analysis especially in children and extrapulmonary
TB that otherwise involves laborious and complex invasive biopsy pro-
cedures for disease confirmation (Lawn and Gupta-Wright, 2015). In
addition to these advantages, urinary LAM based TB detection has
further merits such as ease in sample collection, handling and disposal,
low protein/interferent background, and no infection risks, unlike in the
case of blood or sputum for diagnosis.

Towards realizing a point-of-care (PoC) LAM test, firstly lateral flow
assay (LFA) based TB LAM test kits have been developed and commer-
cialized. However they are particularly suitable for HIV positive patients
to detect TB co-infection, taking advantage of the abundance of LAM
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above ng/mL concentrations (Broger et al., 2019; Hamasur et al., 2015;
Reither et al., 2009; Wood and Lawn, 2012). Since the Mtb LAM con-
centrations are typically below pg/mL in unprocessed urine samples for
an active TB infection, several efforts are under way to develop highly
sensitive detection techniques. Some of them include LFA based Fujifilm
SILVAMP and research consortia under FIND (Broger et al., 2019), single
molecule fluorescence assay (FLISA) to detect urinary LAM in clinical
samples of HIV negative patients at ultra-low concentration of fg/ml
(Wood et al., 2019). Recently, our research group has developed a
plasmonic fibreoptic absorbance biosensor (P-FAB) strategy with ana-
lyte detection limits down to 1 fg/mL of immunoglobulin G (IgG). It
involves the realization of a sandwich immunoassay with gold nano-
particles (AuNP) labels on a U-bent fiber optic sensor using a pair of LED
and photodetector, as shown in Fig. 1(Ramakrishna et al., 2020; Ram-
akrishna and Sai, 2016). The high sensitivity and ultra-low analyte
detection limits of the P-FAB arise from the improved evanescent field of
the optimal U-bend geometry, leading to a high evanescent wave
absorbance (EWA) sensitivity (Danny et al., 2020). The EWA of the
U-bent sensor probes due to the presence of a small number of AuNP, but
with a large optical extinction coefficient (~10'° M'1~cm'1), on its sur-
face gives rise to a measurable drop in the intensity of light passing
through the probe.

Here, we exploit the wash-free plasmonic fiber optic absorbance
biosensor (P-FAB) strategy for the detection of mannosylated
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Fig. 1. Schematic representation of plasmonic sandwich immunoassay for the detection of Mtb LAM in the urine samples of TB patients. The photographic image of
the experimental set-up shows a U-bent fiber optic probe connected between a pair of LED and a photodetector using bare fiber adaptors. A green LED (525 nm) was
chosen to match with the plasmonic absorbance peak of the AuNP conjugates. The drop in the light intensity at the PD due to the evanescent wave absorption as a
result of the plasmonic sandwich immunocomplex was plotted as an absorbance (referred as sensor response) by taking the logarithm ratio of the initial (Io) to final
power intensity (It) values to highlight smaller changes for low analyte concentrations. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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lipoarabinomannan (Man-LAM, also referred to as Mtb LAM) in a buffer
as well as in a synthetic urine. In the process of realizing a P-FAB for Mtb
LAM detection, the optimum size and concentration of the plasmonic
labels and a comparison of fused silica and polymeric optical fiber based
U-bent probes were investigated to obtain ultrasensitive sensor perfor-
mance using model analytes (human IgG). Later, a plasmonic sandwich
immunoassay was realized using anti-Mtb LAM immunoglobulin M
(IgM) as a capture antibody immobilized on the U-bent fiber optic probe
and anti-Mtb LAM IgG specific to another epitope on Mtb LAM as a de-
tector antibody conjugated AuNP labels (Fig. 1). The plasmonic sand-
wich immunocomplex that formed on the U-bent sensor probe surface in
the presence of Mtb LAM is quantified as optical power loss in the U-bent
probe using a simple LED and photodetector pair. The optical power
losses due to AuNP labels are quantified for various concentrations of
Mtb LAM between 1 fg/mL and 1 ng/mL using a simple green LED and
photodetector pair. In addition, the shelf-life of the antibody-coated
sensor probe and the AuNP reagent was assessed over a duration of 60
days.

2. Results and discussion
2.1. Optimization of AuNP label size and concentration for P-FAB

The high sensitivity of the P-FAB based sensing strategy originates
from the unique ability of the U-bent optical fiber probes to detect the
plasmonic AuNP labels with a large optical extinction coefficient bind-
ing to the bend region. The optical extinction property of these AuNP
labels, which enables the ultra-low analyte detection limits, is highly
dependent on their size, as shown in Fig. S1. Moreover, the concentra-
tion of the AuNP conjugated with detector antibodies is another critical
factor that determines the availability of a sufficient number AuNP
bioconjugates for efficient capture of analytes, and the mobility/kinetics
of the immunocomplex in the solution phase.

In order to investigate the optimum AuNP size, P-FAB based sand-
wich immunoassay was realized with 20, 40, 60, and 80 nm AuNP labels
(Fig. S2A). The optical density of the AuNPs (BBI solutions, UK) at their
peak wavelength equal to unity was taken as a reference to compare the
influence of AuNP label size Table S1. (It may be noted that comparison
of AuNP sizes can be highly complex for a sandwich immunoassay given
many other influential parameters including the number density of
AuNP, the number of antibodies conjugated to each nanoparticle, and
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their interaction with analytes in the solution phase). The experiments
were realized on 500 pm polymeric optical fiber (POF) based U-bent
sensor probes (Gowri and Sai, 2016) with a set-up, as shown in Fig. S2B.
The green LED (peak at 525 nm) used in the set-up has a suitable optical
intensity profile to efficiently excite all the label sizes (at least 73% for
80 nm labels) (Table S2). The sandwich immunoassay was realized with
human IgG (HIgG) as a model analyte and goat anti-HIgG antibodies
specific to Fop and F, regions of HIgG as described elsewhere (Fig. S2B)
(Divagar and Sai, 2018).

Fig. 2 shows the sensor response obtained with the AuNP label sizes
over a range of HIgG concentrations from O to 1000 ng/mL. AuNP labels
of 60 nm gave rise to a consistently higher P-FAB response for all the
HIgG concentrations in comparison to the other sizes (Fig. S3). Unlike
the increasing trend in the extinction coefficient for AuNP size, the P-
FAB sensitivity was found to improve by 4-folds up to 60 nm AuNP labels
followed by an abrupt drop in the case of 80 nm. (Fig. S4). The SEM
images of the probes show a noteworthy reduction in the surface density
of AuNP labels with the increase in AuNP label size (Fig. S3D). Despite
the higher surface density, 20 and 40 nm AuNP labels show a lower
sensor response in comparison to 60 nm AuNP labels, mostly due to their
lower extinction coefficients. On the other hand, we anticipate steric
hindrance effects in binding of the analyte-AuNP complex to the sensor
surface (Springer et al., 2014; Wu et al., 2018). The observed trend in the
sensor response corroborates well with the theoretical estimate of op-
tical extinction obtained based on the extinction cross-sectional area and
the observed number density of the AuNPs for each size (Table S3). Thus
60 nm AuNP labels are found to be optimum for P-FAB.

Further, the effect of AuNP label concentration on the sensor
response was studied using the optimized AuNP labels of 60 nm in size.
AuNP label concentrations of 2 x , 10 x and 20 x were analysed using 1
pg/ml of HIgG as an analyte. The results show two-fold improvement in
the sensor response with 20 x concentration, however, with a rise in the
standard deviation of over 10% (Fig. 2B). This could be attributed to the
enhanced availability of the number of AuNP labels within the vicinity
of the biofunctionalized fiber core surface (Shahriari et al., 2016). The
subsequent dose response studies carried out with 20 x concentration
indeed show an improved detection analyte detection limits down to
100 fg/ml (Fig. S5).

In addition to the AuNP labels, the choice of U-bent probe is the other
critical aspect of P-FAB. Here, the sensitivity of the fused silica (200 pm
core) and polymeric (500 pm) optical fiber (GOF and POF respectively)
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Fig. 2. Optimization of AuNP label size and concentration for P-FAB. (A) P-FAB response obtained using the U-bent POF sensor probe and different sizes of AuNP
labels (10 x , meaning the optical density of bare AuNP at its peak wavelength was 10 arb units) from 20 to 80 nm for various concentrations of HIgG as analyte. The
protocol shown in Fig. S2B was followed, and the sensor response was recorded over 20 min and compared. (B) Influence of AuNP 60 nm label concentration on the

P-FAB response for 1 pg/mL of HIgG.
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based U-bent probes was evaluated by comparing their dose response for
HIgG as an analyte. An improved sensor response was observed in the
case of GOF over the POF (Fig. S6). We anticipate an increase in the
number density of sandwich immunocomplexes per unit surface area for
a 200 pm fiber and hence a higher optical absorbance for a given analyte
as responsible for the improved sensor performance (Danny et al., 2020;
Ramakrishna et al., 2020). However, several other factors, including the
probe surface biofunctionalization efficacy and evanescent field at the
core-cladding interface, may also contribute to the observed phenome-
non, each of which requires a detailed investigation and outside the
scope of this work. Based on the above results, all the subsequent studies
were carried out with 200 pm core GOF U-bent probes and 60 nm AuNP
labels at 20 x concentration.

2.2. Realization of P-FAB strategy for Mtb LAM detection

To establish a proof-of.-concept for P-FAB based Mtb LAM detection,
the fused silica U-bent probe and 60 nm AuNP were biofunctionalized
with IgM and IgG against Mtb LAM respectively. Since the ligand-analyte
pair in this study involves IgM and Mtb LAM, a pentameric form of the
routinely used IgG and a glycolipid respectively, the optimum condi-
tions for bioreceptor (IgM) immobilization over U-bent GOF probe
surface were investigated as the first step towards the realization of P-
FAB based Mtb LAM detection. The fiber probe surface modification and
anti-Mtb LAM IgM immobilization are illustrated in Fig. S7a. The silica
core surface was modified with amino-silane followed by glutaralde-
hyde to obtain amine (-NHj) and aldehyde (-CHO) functional groups,
respectively. Subsequently, the presence of -NH, and -CHO functional
groups was verified by using fluorescein isothiocyanate (FITC, 1 mM)
and 2,4 dinitrophenyl hydrazine (2,4 DNPH), respectively. The surface
modification was confirmed by the evanescent wave (EW) based
absorbance spectral response shown in Figs. S7B and C. Subsequently,
the studies to investigate an optimum anti-Mtb LAM IgM concentration
for immobilization suggest a saturated surface coverage at 50 pug/mL
(Fig. S7D).

On the other hand, the conjugation of monoclonal anti-Mtb LAM IgG
antibodies to AuNPs was confirmed from optical absorbance spectra
(USB4000, Ocean Optics) and dynamic light scattering measurements. A
red-shift of 3 nm in LSPR spectral peak was observed due to RI changes
caused by IgG binding to the AuNP (Fig. S8). DLS measurements too
showed an increase in their mean effective diameter from 60.3 + 0.3 nm
to 83.3 £ 1.4 nm (n = 3) similar to other reports, confirming the IgG
conjugation to 60 nm AuNP. The significant increase in the effective
diameter suggests conjugation of most of the antibodies to AuNP surface
in their head-on or end-on position. Still, an increase in the poly-
dispersity index from 0.136 + 0.007 to 0.221 + 0.009 (n = 3) also in-
dicates the immobilization of a small fraction of antibodies in the other
side-on and flat orientations (Tripathi and Driskell, 2018).

Subsequent to establishing the biofunctionalization of GOF U-bent
probes and bioconjugation of 60 nm AuNP, a sandwich immunoassay
was realized by using a set-up consisting of a broadband green LED and
fiber optic spectrometer (Fig. SOA) and following a protocol shown in
Fig. 1. Optical absorbance spectra were recorded during the formation of
plasmonic immunocomplex formation on the probe surface (Fig. S9B).
The peak absorbance was found to be ~540 nm for AuNP 60 nm. The
fiber optic spectrometer based set-up was able to distinguish Mtb LAM
concentrations between 1 and 100 ng/mL (Fig. S9C).

2.3. P-FAB based Mtb LAM detection — dose response

The P-FAB response to Mtb LAM concentrations of interest between 1
fg/mL (59 aM) and 100 pg/mL (6 pM) (containing 10 to 10° Mth LAM
molecules) in PBS buffer was evaluated to determine the sensitivity and,
the analyte detection limit. The saturated response was obtained for
each analyte concentration (n = 5), as shown in Fig. 3A. Similarly, the
sensor responses were obtained for Mtb LAM spiked synthetic urine
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(Fig. 3B). The SEM images of AuNP labels were obtained from the U-bent
probes after the assay. The SEM images (Fig. 3C) clearly show a
distinguishable surface density of the plasmonic complex over the probe
surface for the various concentrations of Mtb LAM. Dose response curves
for Mtb LAM prepared in PBS buffer, and synthetic urine were plotted
based on the sensor response at the end of 3000 s, as shown in Fig. 3D. A
linear response was obtained over the range of analyte concentration
tested in this study. The sensor characteristics, including the sensitivity,
limit of detection (LoD), and measurement range given in Table 1 were
calculated as follows. The sensitivity was obtained from the slope of the
linear fit applied to the dose response curves such that the positive
Pearson’s value for the chosen analyte concentration range is close to
unity (0.99). The slower binding kinetics and ~50% reduction in the
sensitivity for Mtb LAM detection in synthetic urine in comparison to
PBS could be attributed to (i) the smaller diffusion coefficient for AuNP-
IgG-LAM complex caused by the presence of a high concentration of the
interfering biomolecules (BSA and creatinine) (Giorgi et al., 2019), (ii)
higher protein concentration could also interfere with the binding of
AuNP-IgG-LAM complex with the IgM immobilized on the sensor probe,
the influence could be seen as a marginal increase in the sensor response
at 0 fg/mL in synthetic urine as compared with PBS, and (iii) its pH
(~6.5) leading to a drop in the affinity of the antibodies towards the
analyte (Yalov et al., 1975).

The limit of detection (LoD) estimates of the sensor probe as per the
conventional method of 36/S give rise to 0.26 fg/mL and 0.3 fg/mL for
LAM in PBS and synthetic urine, respectively. However, as per the
guideline EP17 provided by Clinical and Laboratory Standards Institute
(CLSI) (Armbruster and Pry, 2008), where LoD = LoB + 1.645(SD jow-
concentration sample), and LoB is the limit of blank (LoB = mean pjank +
1.645(SD pjank), an LoD of 1 fg/mL LAM in PBS was obtained. Although
the LoD worsen to 10 fg/mL in the case of synthetic urine, it is antici-
pated to be sufficient and relevant for the LAM detection in urine for TB
diagnosis (Wood et al., 2019). A comparison of these results with various
other biosensing schemes reported in the literature shows that P-FAB
strategy is very promising for LAM detection (Table S4).

2.4. P-FAB based Mtb LAM detection — shelf-life studies

A successful realization of P-FAB Mtb LAM sensor towards pre-
clinical studies and subsequent technology demonstration demands a
stable and reliable sensor response, which is highly influenced by the
shelf-life of the two consumables involved in the assay, namely the IgM
functionalized U-bent probes and the IgG conjugated AuNP label re-
agent. The shelf-life studies were carried out with anti-Mtb LAM IgM
functionalized U-bent probes (n = 50) kept in nitrogen ambience and
AuNP reagent were stored at 4 °C. Their activity was monitored every 15
days (up to 60 days) by obtaining the sensor response for Mtb LAM of 0
fg/ml (n = 3) and 10 fg/ml (n = 3) spiked in PBS buffers solutions. The
experiments for evaluation of the shelf-life of stored probes and the re-
agent were carried out with the freshly prepared reagent and probes,
respectively. As a reference (referred as C in Fig. 4), their sensor
response was compared against that of freshly prepared bio-
functionalized U-bent probes and AuNP label reagent for each run.
Fig. 4A shows P-FAB Mtb LAM sensor response with stored U-bent
probes. With reference to the control response (referred to as C - 10 fg/
mL), the stored probe response (referred to as P - 10 fg/mL) deteriorated
only by 60 day, while there was no significant rise in the NSA due to
the possible denaturation of IgM over the probe surface (P - 0 fg/mL)
with respect to the control (C - 0 fg/mL). Fig. 4B shows P-FAB Mtb LAM
sensor response with stored AuNP reagent (R - 10 fg/mL), which showed
a marginal deviation from the reference response (C - 10 fg/mL) after
15™ day and a significant drop (up to 12% decrement) beyond 45 day.
In addition, a considerable rise in the non-specific adsorption (R - 0 fg/
mL) was observed by the 60™ day, which could be attributed to the
degradation of IgG on the AuNP surface, leading to increased chemi-
sorption to the probe surface. Hence, it may be concluded that the sensor
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Fig. 3. Top row: Temporal responses showing an increase in the optical absorbance due to the formation of plasmonic sandwich immunocomplexes on the sensor
probe surface for different concentrations of Mtb. LAM in (A) PBS and (B) synthetic urine. Bottom row: (C) SEM images of the sensor probes subjected to different
concentrations of LAM analyte showing an increase in AuNP density with LAM concentration. (D) The P-FAB dose-response curves obtained with PBS buffer and

synthetic urine spiked with the known concentration of Mtb LAM.

Table 1
P-FAB Mtb LAM sensor characteristics for LAM in PBS and synthetic urine.

P-FAB LAM sensor matr LAM in PBS LAM in synthetic
urine
Sensitivity (Ass2 nm/10g (fg/mL) 0.078 0.043
(R?= 0.98)
LoD (fg/mL, (aM)) 1(59) 10 (590)
Dynamic range 5fg/mlto 10 pg/ 10 fg/ml to 10 pg/
mL mL

probes have a shelf-life of about 45 days, while the AuNP label reagent
undergoes a significant degradation beyond 45 days. We anticipate a
better stability and shelf-life by vacuum-sealing of the probes and a
solid-phase storage of AuNP reagent as in the case of lateral flow assays
(Sajid and Daud, 2015) for example, water-dissolvable paper strips that
readily dissolve after coming in contact with the sample.

3. Conclusion

A plasmonic fiber optic biosensor (P-FAB) strategy is optimized with

respect to the AuNP label size and concentration and type of optical fiber
for the U-bent sensor probe to obtain the maximum possible sensitivity.
Under the conditions investigated in this study, AuNP label size of 60
nm at 20 x concentration and fused silica fiber of 200 pm core diameter
were found to be optimum. A P-FAB for Mtb LAM detection is established
with a minimum detection limit of 1 fg/mL (59 aM) and 10 fg/mL (0.59
fM) for Mtb LAM spiked in the PBS buffer as well as synthetic urine
samples respectively. Our preliminary studies show a better diffusion
and sensitivity with real urine samples. Further studies are in progress to
evaluate the sensor performance for real samples. These results
demonstrate that the P-FAB is highly promising for an equipment-free,
affordable, on-site TB diagnosis owing to its advantages, including a
simple LED-PD based optoelectronic instrumentation with a plausible
easy detachable optical coupling of U-bent probes, one-step wash-free
sandwich assay, and stable biofunctionalized U-bent probes and AuNP
reagent.
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