
ANALYTICAL SCIENCES   APRIL 2017, VOL. 33 457

Introduction

Bovine tuberculosis (bTB) is a chronic infectious disease caused 
by Mycobacterium bovis.  While bTB primarily affects cattle 
and other animals, humans can also be susceptible to M. bovis.  
Currently, the standard control measure applied to bTB is testing 
and slaughter.1,2  The Caudal Fold Tuberculin test (CFT) is one 
of the primary technologies used by the US dairy farmers and 
cattle ranchers to screen their herds.1,2  This test requires skin 
injection of a small amount of tuberculin, a purified protein 
derivative from M. bovis, followed by visual interpretation of 
the skin after 72 h.  Early testing of M. bovis infection, 
desensitization, exposure to environmental mycobacteria 
species, and other factors can contribute to the ambiguous 
read-out of the tuberculin skin test in cattle.1–3  In addition to 
this, visual inspection in darker-colored animals can sometimes 
be challenging.2  Confirmation of the tests via laboratory culture 
can be time-consuming (requiring 4 to 6 weeks),1,4 which can 
leave farmers and ranchers unsure of what to do with animals 
yielding inconclusive test results.  Also, culturing of M. bovis is 
challenging and not always successful.  These limitations, can 
result in either infected animals being undetected, or the 
unnecessary quarantine and slaughtering of uninfected ones.  
Additional tests have been introduced, but none of them have 
demonstrated the requisite simplicity, sensitivity and specificity 
to overcome the current limitations.2,5,6  Therefore, rapid and 
sensitive blood-based detection methods for the early detection 
of bTB are clearly needed, and could eliminate stress to 

livestock, reduce economic burden and pave the way forward 
for the elimination of bTB in the national cattle herd of the 
United States and elsewhere.

We have developed a waveguide-based optical biosensor for 
the rapid, sensitive and specific detection of pathogenic 
biomarkers, and have effectively employed it for the detection 
of biomarkers associated with numerous diseases.7–11  This 
biosensor relies on evanescent sensing on a planar waveguide 
surface to amplify the transduction signal of the fluorescently 
labeled antibodies to the target antigen.7,12  We have also 
developed novel surface functionalization chemistries and target 
pull-down strategies to increase the sensitivity and specificity of 
our assays.10,13–16  Specifically, our work has targeted the 
detection of pathogen-specific biomarkers with exquisite 
sensitivity and specificity, with minimal sample processing, 
so as to facilitate the rapid point-of-care diagnosis of infection.  
In this study, we adapted assays originally developed for the 
human TB lipoarabinomannan (LAM) biomarker to its bovine 
counterpart, lipomannan (LM), on the wave-guide based 
biosensor platform.

Several pathogen-specific biomarkers for bTB have been 
identified.  Noteworthy among them are LM and early secretory 
antigenic target 6, ESAT6.1,17–20  LM is an abundant lipoglycan 
component of the M. bovis cell envelope, and is secreted by the 
metabolically active bacterium during infection, which results in 
activation of the host immune response.1,17,18  The amphiphile is 
well-conserved in evolution and like its counterpart secreted by 
M. tuberculosis, LAM, LM is known to be an immune 
activator.1,17,18  In our ongoing work with developing diagnostics 
for human TB, we discovered that LAM could be readily 
detected in urine,9 whereas its direct measurement from blood 
was more elusive.14  Work from our laboratory revealed that this 
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difficulty is associated with the biochemistry of LAM in serum, 
for the amphiphile is unstable in monomeric form in aqueous 
blood, and is consequently sequestered by carrier molecules, 
like high-density lipoproteins (HDL).14  This observation 
resulted in the development of our lipoprotein capture assay for 
the pull-down of HDL nanodiscs using antibodies that target 
apolipoprotein A1 (ApoA1), the coat protein of HDL.  
Subsequent detection of LAM associated with HDL using the 
anti-LAM antibody in blood resulted in a sensitive and direct 
strategy for measurement of this signature.14  Herein, we have 
successfully transitioned our HDL capture assay from human 
TB LAM to bTB LM.  We demonstrated the application and 
sensitivity of our biosensor platform to the detection of LM in 
blood from a small set of samples collected from studies of bTB 
infected cattle.  Our work demonstrates the first step towards 
developing reliable point-of-care molecular diagnostics for the 
rapid diagnosis and prognosis of bTB.  Thus, this is by no 
means a comprehensive and statistically viable demonstration of 
a diagnostic assay, but merely a validation of the feasibility of 
the lipoprotein capture methodology for the detection of 
amphiphilic LM in infected cattle.

Experimental

Reagents and samples
A cocktail of three anti-LAM monoclonal antibodies (clones 

24, 27, and 171) was used as reporter antibodies, which was a 
generous gift from the Foundation for Innovative New 
Diagnostics (FIND, Geneva, Switzerland).  Additional 
information about these antibodies can be obtained upon request 
by the FIND.  Purified LM was procured from a materials 
contract from the Colorado State University Materials 
Consortium (via BEI Resources).  LEZ-link sulfo-NHS-LC-LC-
biotin and NeutrAvidin were purchased from Thermo Scientific.  
Alexa Fluor 647 (AF647) labeling kit was obtained from 
Invitrogen (Thermo Fisher Scientific).  Anti-apolipoprotein A1 
antibody (anti-ApoA1) and biotinylated anti-ApoA1 antibody 
were purchased from AbCam.  1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(cap-biotinyl) (cap-biotin-PE) were 
from Avanti Polar Lipids, Inc.  Miniature G-25 sephadex columns 
were acquired from Harvard Apparatus and bovine serum was 
purchased from Hyclone Laboratories.  All other assay reagents 
were from Sigma-Aldrich, unless otherwise specified.

Waveguide-based optical biosensor
The waveguide-based sensor was developed at the Los Alamos 

National Laboratory and is described in detail elsewhere.7  
The  planar silicon oxynitride (SiONx) optical waveguides are 
fabricated at nGimat Ltd (Atlanta) and are coated with a 10-nm 
surface of SiO2 to enable functionalization at Spectrum Thin 
Films Inc.  Details of these waveguides are described elsewhere.12

Preparation of labeled antibodies
The individual FIND antibodies and neutravidin were labeled 

with an Alexa Fluor 647 (AF647) dye using a fluorescence 
labeling kit from Invitrogen, as per the manufacturer’s 
instructions.  The labeled antibody was separated from unlabeled 
antibody by gel filtration, and tested for activity using an 
immunoblot assay.  The concentration of the labeled antibody 
and the degree of labeling were measured by ultra-violet visible 
(UV-Vis) spectroscopy.  The capture antibody, anti-ApoA1 (100 
nM) was purchased in biotinylated form and used as is.

Cleaning, assembling and functionalization of waveguides
Waveguides and glass coverslips were cleaned by sequential 

sonication in chloroform, ethanol, and water, followed by 
exposure to UV-light and ozone (40 min).  After cleaning, 
a double-sided adhesive silicon gasket with a laser cut channel 
was used to assemble the waveguide to the glass coverslip.  
Following assembly, the flow cell was injected with a preparation 
of lipid micelles (prepared as described below).  The 
functionalized waveguide flow cells were stabilized overnight 
before use.

The lipid micelles were prepared as described before10,16 from 
a thin-film preparation of 5 mM DOPC and 1% cap-biotinyl-PE 
(in chloroform); the chloroform was evaporated under argon.  
The lipid thin-film was then rehydrated in phosphate buffered 
saline solution (PBS) buffer for 60 min.  The sample was then 
subjected to 8 freeze-thaw cycles with liquid nitrogen and warm 
water and sonicated with a probe tip sonicator for 5 min to form 
uniform vesicles.

Detection of LM by lipoprotein capture immunoassay
The lipoprotein capture assay utilized an antibody directed 

against the coat protein of ApoA1 as the capture antibody.  This 
allows for the capture of LM associated with HDL nanoparticles 
in serum, as described earlier for other targets.14  A subsequent 
detection using a cocktail of fluorescently labeled antibodies 
(anti-FIND-LAM-AF647, clones 24, 27 and 171) allows for the 
detection of LM associated with HDL nanoparticles in serum.  
These antibodies were specifically chosen from a selection of 
>5 clones because of their ability to bind conserved regions of 
lipomannan, and thereby recognize the target with excellent 
sensitivity.  Development of targeted antibodies for LM, which 
discriminate it from LAM, will be required to improve the 
sensitivity of the diagnostics in the future.

In all experiments, waveguides functionalized with lipid 
bilayers were mounted on the flow cell, and blocked with 
a  2%  bovine serum albumin (BSA)-PBS solution for 60 min.  
The waveguide-associated background (intrinsic measure of 
impurities associated with the instrument) was then measured.  
All waveguide experiments were performed at room temperature 
(RT).  After each addition, the flow cell was washed with 0.5% 
BSA in PBS.  Then, fluorescently labeled neutravidin (Neu-
AF647, 100 pM) was injected into the flow cell (5 min), washed, 
and fluorescence intensity was measured to confirm the integrity 
of the biotinylated lipid bilayer surface, and served as an 
intrinsic positive control for system configurations in each 
experiment.  Then, unlabeled neutravidin (10 nM) was added to 
saturate the functional surface.

The incubation times for the antigens and antibodies were 
optimized in all cases by standard measurements using LM 
spiked into commercially procured bovine serum.  The reporter 
antibodies were first evaluated for their ability to bind LM using 
the standard immunoblot methodology, which has been 
described before.9,16  Antigen and antibody titrations were 
performed on the waveguide-based sensor.  LM was spiked into 
commercial serum for 24 h, to allow for complete association 
with serum lipoproteins, and the signal intensity was measured 
with the antibodies at various times.  Based on this, the 
normalized experimental protocol for clinical measurements 
was decided as such: the biotinylated anti-ApoA1 antibody 
(100 nM, 10 min incubation) was added as the capture antibody.  
Non-specfic (NS) interactions were determined by the addition 
of the reporter antibody cocktail (clones 24, 27 and 171 anti-
FIND-AF647, 20 nM each, 15 min incubation).  Then, the 
bovine serum sample was added to the flow cell and the sample 
was incubated for 60 min.  The reporter antibody cocktail was 
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re-added to the flow cell (15 min), this time to measure the 
specific fluorescence signal associated with binding of the LM 
biomarker to the reporter using a spectrometer interface.

Evaluation of clinical samples
The cattle samples were obtained from Dr. Waters at the US 

Department of Agriculture (USDA).  The 7, 14, 21 days and 
5-month cattle blood samples were obtained from the following 
studies.  The 7-day samples came from a 2012 study of 23 cattle 
to compare differential pathology for different M. bovis strains.  
The 14-day samples came from 2007 study of 32 cattle to 
monitor the vaccination efficacy between an attenuated M. bovis 
Ravenal strain compared to the Bacillus Calmette-Guerin (BCG) 
vaccine from a Danish strain.  The 21-day samples came from a 
2010 study of 15 cattle to study vaccination efficacy.  The 
5-month samples came from a 2006 study of 5 cattle with the 
subjects challenged with M. bovis.  For each of these studies 
pre-challenge samples and post-challenge samples were 
collected and stored at minus 80°C.  Unless noted, at least two 
pre-challenge and post-challenge cattle blood samples were 
tested from each of these studies at the various infection time 
points.  The results were plotted for each animal individually, 
to  accommodate the animal-to-animal variability.  Thus, the 
difference of the post-challenge minus pre-challenge values for 
each animal, at the time point under considerations was taken as 
a measure of positivity or negativity.

Results and Discussion

Measurement of serum LM by lipoprotein capture assay
We evaluated the detection of LM in cattle blood samples at 

varying time points after the steers were challenged with 
M. bovis.  Figure 1 shows a schematic representation of 
detection of LM by lipoprotein capture assay on the waveguide 
based optical biosensor.  Figure 2 shows the detection of LM in 
blood in a steer before being challenged with M. bovis and 14 
days post-challenge.  Again the associated background and the 
NS specific binding signal associated with the interaction of the 
antibody with the surface are minimal (<400 rfu), relative to 
both the pre- and post-challenge LM associated fluorescence 
signal.  We also evaluated infected cattle samples at 1 week, 
3 weeks, and 5 months for detection of the LM biomarker in these 
samples (Table 1, Fig. 3).  In all of these samples, we were able 

to detect LM in the post-challenge animals.  LM concentrations 
are highest 7 to 14 days after infection, and decrease at 21 days 
and 5 months post-challenge, as shown in Fig. 3.

LM is an amphiphilic lipoglycan, which is unstable in 
monomeric form in the aqueous milieu of the host.  Consequently, 
several investigators have attempted to measure the carbohydrate 
components of this molecule in urine.21–24  This strategy has 
worked both in humans and animal,21–24 but suffers from some 
major limitations: 1) the sugar components of LM in urine may 
or may not be antigenic, because of their processing and 
delipidation during the renal clearance process, and 2) given the 
uncertain molecular weight of the components of LM in urine, 
it is not possible to quantify the observations.  To this end, we 
determined that detection of LM in blood can overcome these 
challenges.  This detection, however, is associated with several 
challenges, associated with the biochemistry of the molecule 

Fig. 1　Schematic representation of the lipoprotein capture assay.

Fig. 2　Detection of LM in blood in a steer sample before and 14 
days after infection.

Fig. 3　LM biomarker profile of cattle with bTB.

Table 1　Summary of LM detection by HDL capture assay

Time after 
infection

Pre-challenge/
rfu

Post-challenge/
rfu

Difference/
rfu

Standard 
deviation

7 Days  600 3200 2600 a

14 Days 1358 2950 1593  714
21 Days 1563 2853 1290 1117
5 Months  975 1520  545  361

a. Denotes measurement derived from one dataset.
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and its inherent instability in blood.  Our team has developed 
two assay methods (membrane insertion and lipoprotein capture) 
and adapted them for the measurement of amphiphiles like 
LAM and lipopolysacharides.10,14,16  We have shown here that 
one of these methods can be applied to LM as well, provided 
that suitable antibodies are available.

There are several novel aspects of this work: 1) it demonstrates 
that bovine LM is also associated with lipoproteins in cattle 
sera, which establishes a similarity of host-pathogen interaction 
in this species, 2) our method shows that unlike host biomarker 
studies, pathogen biomarker-based measurements can be used in 
human and animal hosts, and thereby conforms to global One 
Health Strategy (https://www.cdc.gov/onehealth/) of diagnostics, 
and 3) we demonstrate for the first time the direct detection of 
bovine LM in serum, and clearly show that the biomarker is 
expressed in detectable concentrations during the entire course 
of the infection.

There are still many limitations to this work that need to be 
addressed in the future.  For one, we performed this work with 
available banked pre- and post-challenge cattle sera from 
positive control infected animals of vaccination studies 
conducted at the USDA.  A  more systematic measurement of 
signals from the same animals, at different time points, in 
statistically viable numbers is required to establish the expression 
profile.  The use of other biomarkers such as ESAT6 and antigen 
85 complex will strengthen the outcomes of this effort.  We are 
currently working on ESAT6 detection assays and measurement 
of ESAT6 antibodies for cattle.

Conclusions

We have demonstrated the ability to directly detect pathogen 
biomarkers associated with bovine tuberculosis from cattle 
infected with the disease very early after infection.  We are 
confident the combination of the novel lipoprotein capture 
pull-down assays developed by our team, and the ultra-sensitive 
waveguide-based detection platform will therefore allow for a 
rapid and early diagnosis of infection from bovine tuberculosis.
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