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ABSTRACT: An initial investigation of the fabrication of a novel biosensor utilizing toll-like receptor 5 (TLR5) has been 
conducted. The detection assay using this sensor platform has been carried out using four complementary electrochemical 
techniques. The electrochemical properties of the modified bare gold surface following TLR5 immobilization were characterized. 
The electrochemical response to changes in the sensor film resistance and electron charge transfer permittivity triggered by 
independent exposures to flagellins from Salmonella typhimurium (S. typhim.) and Bacillus subtilis (B. subtilis) were examined and 
observed. The quantified film resistance data gathered using electrochemical impedance spectroscopy (EIS) over a macroscopic 
scale are in significant agreement with the corresponding electron charge transfer permittivity measured locally by scanning 
electrochemical microscopy (SECM). Unlike other sensors that exploit pathogen recognition elements, TLR5 biosensors have the 
potential to carry out broad-spectrum detection of flagellated bacterial pathogens in near-real time. This broad-spectrum detection 
platform is a significant step towards the development of fast, inexpensive clinical tools for early warning diagnoses and immediate 
on-site treatment. 

Introduction 
Bacterial whole cell detection using bio-recognition element 

sensors has been examined using a variety of analytical 
detection techniques such as: reflectometric interference 
spectroscopy1, fluorescence,2 quartz crystal microbalance,3,4 
electrochemistry5-7 and surface plasmon resonance (SPR).8,9 
Specific recognition of bacteria via electrochemical methods 
has been carried out using specially fabricated electrodes with 
immobilized bio-recognition elements. In this context, 
effective detection of E. coli O157:H7 has been reported.10,11 
These experiments exploited a sensor architecture that 
included the attachment of a ferrocene-receptor peptide 
conjugate onto a gold surface, followed by the interaction of 
E. coli with the peptide component of the conjugate, 
Magainin-I, an antimicrobial peptide. While this is a good 
example of electrochemical detection of one particular strain 
of bacteria, there is still an urgent need to detect broad-
spectrum bacterial agents. In a real world scenario, real-time, 
strain-specific identification of a bacterial pathogen is not 
practical. Instead, an early warning, broad-spectrum 
classification method could be very useful for early treatment 
following exposure to a bacterial strain. The broad-spectrum 
nature of this type of sensor is also advantageous because it 
does not preclude the detection of novel bacterial agents. 

In more recent studies, focus has been on analyzing the 
efficacy of sensors designed to recognize specific bacterial 
chemical markers, referred to as pathogen-associated 
molecular patterns (PAMPs), rather than on whole cell 
detection.12-14 These markers include, but are not limited to, 
intercellular entities such as DNA8,15-23 or extracellular 
components such as LPS24-27. One class of bio-recognition 
elements, which are particularly appealing for broad-spectrum 
bacterial detection via PAMP interaction, is the toll-like 
receptors (TLRs). The TLRs are a vital component of the 
innate immune response. These type I transmembrane 
glycoproteins are expressed by a variety of immune and non-
immune cells, such as dendritic cells, macrophages, B-cells 
and epithelial cells.28,29 In vivo, the suite of TLRs are used to 
detect the invasion of antigens and are specifically triggered 
by the conserved PAMPs of Gram-negative (-) or Gram-
positive (+) bacteria, viruses or fungi.30 Each TLR specifically 
interacts with a different cell wall or nucleic acid PAMP.31 
Toll-like receptors have shown to be powerful broad-spectrum 
bio-recognition elements, used as early-warning indicators for 
the invasion of pathogenic moieties.32 

Optical detection methods, such as SPR have been exploited 
for pathogen detection using TLR sensor surfaces.24,32 In this 
study, we focus on toll-like receptor 5 (TLR5) which 
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selectively binds to Gram-negative and Gram-positive 
bacterial flagellins.32,33 Sensors exploiting TLR5 as the bio-
recognition element with electrochemical detection are a novel 
approach toward the detection of motile bacteria. The 
combined strategy of applying electrochemical detection 
methods and TLR recognition elements offers several 
incremental advantages over detection by optical analytical 
techniques. These advantages include a reduction in the 
overall amount of materials required for immobilization and 
the cumulative production of less effluent/waste.7,32,34 
Electrochemical potentiostats also have smaller power 
requirements than SPR equipment, therefore commercial-off-
the-shelf, hand-held systems are available for portable, on-site 
detection.34 

 
Figure 1. Schematic depicting the production of the TLR5 

biosensor architecture followed by the electrochemical detection 
of flagellins. (a) Gold modified with lipoic acid n-
hydroxysuccinimide ester (LPA); (b) immobilization of TLR5 
protein via amine-coupling; (c) blocking the unreacted LPA 
amine sites with ethanolamine; (d) binding of flagellins with 
TLR5 protein; (e) The electrochemical signal triggered by binding 
reaction is monitored by electrochemical impedance spectroscopy, 
cyclic voltammetry, square-wave voltammetry and SECM 
respectively. 

In this study, we have carried out an initial investigation 
into the efficacy of using TLR5 as an immobilized bio-
recognition element for the detection of its respective PAMPs, 
Gram-negative and Gram-positive bacterial flagellins. Unique 
electrochemical responses invoked when, in the flagellins of S. 
typhim. and B. subtilis, in independent experiments, bind to 
the TLR5-receptor have been monitored and examined using 
several different, yet complementary detection techniques, 
including electrochemical impedance spectroscopy (EIS), 
cyclic voltammetry (CV), square-wave voltammetry (SWV) 
and scanning electrochemical microscopy (SECM). This label-
free detection scheme, as illustrated in the Figure 1, may be 
exploited in the future for the development of sensors for near-
real time, broad-spectrum bacterial pathogen diagnostics. 
While pathogen recognition is not species- or strain-specific, 
the direct interaction of a class of pathogen ligands, flagellins 
makes this detection scheme very attractive as a broad-
spectrum biosensor. 

Experimental Methods 
The experimental reagents and processes for electrode 

cleaning and preparation of TLR5 sensors are described in the 
supporting information. 

Exposure of biosensors to flagellin analytes. Blocked 
TLR5 biosensors were incubated in either S. typhim. (-) 
flagellins or B. subtilis (+) flagellins at various concentrations 
for 5 minutes and rinsed thoroughly with an excess of water 
before further characterization by CV, SWV and EIS. Separate 
TLR5 Gold/Silicon (Au/Si) substrates, blocked with 
ethanolamine, were incubated in either 2 µM of S. typhim. 
flagellins or 2 µM of B. subtilis flagellins respectively for 5 
minutes. These substrates were used for SECM measurements. 

Electrochemical measurements. All experimental 
measurements were taken with the electrochemical cell 
enclosed within a Faraday cage. CV, SWV and EIS 
measurements were carried out using a CHI-660b potentiostat 
(CH Instruments, Austin, TX) in an electrochemical cell 
equipped with a three-electrode configuration. Receptor-
modified gold electrodes are the working electrode and 
platinum (Pt) wire is used for the counter electrode. A 
reference electrode (Ag/AgCl/3.0 M KCl) and a salt bridge, 
filled with an agar and 1 M KNO3

 aqueous solution, were 
inserted to minimize the diffusion of chloride ions into the 
electrolyte solution. The agar solution was prepared by 
dissolving 2 grams of agar and 10.1 g KNO3 in 100 mL of 
water. The CV, SWV and EIS electrolyte consisted of a 5 mM 
K4Fe(CN)6/5 mM K3Fe(CN)6 aqueous solution with 1 M of 
NaClO4 as the supporting electrolyte. For consistency, the 
electrochemical measurements were carried out with open-
circuit potentials. EIS experiments were conducted in the 
frequency range of 100,000 to 0.1 Hz with an amplitude of 
5 mV. The experimental EIS curves were evaluated to 
determine the film resistance using ZSimpWin 2.0 software. 

Scanning electrochemical microscopy. SECM 
experiments were carried out with CHI-900b (CH Instruments, 
Austin, TX) at room temperature. Modified Au/Si substrates 
were mounted in an electrochemical cell using a 
three-electrode configuration. A Pt wire, an Ag/AgCl/3.0 M 
KCl electrode and a Pt tip were fitted as the counter electrode, 
reference electrode and working electrode respectively. The 
SECM electrolyte consisted of 2 mM K4Fe(CN)6 aqueous 
solution as the redox probe and 50 mM NaClO4 as the 
supporting electrolyte. The homemade Pt tip was 
manufactured by sealing a Pt wire with diameter of 25 µm into 
a glass capillary. After which, the microelectrode was polished 
to an RG~5 (ratio of total microelectrode radius to Pt wire 
radius). The tip was electrochemically cleaned prior to each 
experiment by running a CV method with this electrode 
immersed in a 0.5 M H2SO4 solution between 0 V and 1.4 V 
for 100 cycles at a scan rate of 0.5 V·s-1. A constant potential 
of 0.5 V was applied for all approach curve measurements. 
Upon application of this potential, the steady-state current was 
obtained by holding the Pt tip, immersed in the electrolyte, at a 
constant height above the substrate for 300 seconds before 
commencing the approach. The modified Au/Si substrates 
were not biased during the measurement. The experimental 
approach curves were normalized to the steady-state current 
before fitting them against theoretical curves generated using 
COMSOL Multiphysics software.35-37 Subsequently, the 
reaction kinetics for the modified surfaces was estimated. 

Results and Discussions 
CV was performed to characterize the electrode surface with 

and without architectural modifications using a Fe(CN)6
3-/4- 

probe. The CV scans obtained on unmodified gold electrodes 
have oxidation and reduction peaks at approximately 0.28 V 
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and 0.21 V respectively, as depicted by the black lines in 
Figure S1a. The oxidation peak moves to a slightly more 
positive potential of 0.30 V after the gold electrode is 
modified with LPA. The corresponding reduction peak shifts 
towards a less positive potential of 0.19 V. This observation is 
logical, as an LPA self-assembled monolayer (SAM) is 
formed on the gold electrode after this modification step. LPA 
SAMs are more passive with respect to electron transfer 
permittivity and therefore require more over-potential for the 
redox reaction of Fe(CN)6

3-/4-. Also observed in the CV data, is 
an overall reduction in the current density values. This is due 
to the LPA SAMs blocking most of the surface and, thus, 
reducing the effectiveness of electron transfer between the 
gold and the redox probe, Fe(CN)6

3-/4-. TLR5 proteins are 
immobilized onto the intermediate LPA SAM via amine-
coupling. In comparison to the LPA molecules (molar mass = 
303 g·mol-1), TLR5 proteins have a molar mass of 97.3 kD. 
Consequently, it is expected that the surface charge 
permittivity would decrease further following the addition of 
the TLR5 proteins to the sensor architecture. This hypothesis 
is proved consistent with the experimental CV results. As 
shown in Figure S1a, both the oxidation and reduction peaks 
shift outwards and the current densities decrease further as the 
electrons and redox probe ions have to diffuse through a 
significantly more hindered environment. CV scans were also 
obtained after treating the sensor surfaces with ethanolamine 
blocking solution. Blocking the unreacted LPA amine sites 
with ethanolamine limits the immobilization of non-TLR5 
surface-fouling proteins that are ubiquitous in the 
environment.38 The ethanolamine molecule is relatively small 
therefore there was a small decrease in the peak current 
density values. The same incremental surface architecture 
assembly was examined using EIS as shown in the Nyquist 
plots in Figure S1b. The plots were fitted using the inset model 
in order to evaluate the film resistance (Rct); the modeled data 
is shown as continuous lines in Figure S1b. A plot of the 
evaluated Rct following each modification step, as garnered 
from repeated measurements, is shown in Figure S1c. The 
modeled experimental Rct of the LPA layer was determined to 
be 572 ± 124 ohm·cm-2, as shown in Figure S1c, with a 1-
sigma error of approximately 20%. The Rct increases to 
1580 ± 125 ohm·cm-2 following immobilization of TLR5 and 
the value increased further, but less appreciably, following 
ethanolamine blocking to 1631 ± 427 ohm·cm-2. The change in 
the electrode surface character following the receptor-ligand 
interaction can be more clearly visualized using EIS, as 
compared to the corresponding CV plots. 

 
Figure 2. Cyclic voltammogram obtained, first, for the TLR5 

sensor before ligand immersion and then after exposure to various 
concentrations of (a) S. typhim., a Gram(-) species and (b) B. 
subtilis, Gram(+). The corresponding concentrations of species 
are 0 µM (before immersion), 0.1 µM, 0.5 µM, 1 µM and 2 µM 
from 1 to 5. The scan rate was 0.1 V·s-1 and measurements were 
carried out in a 5 mM/5 mM Fe(CN)6

3-/4- aqueous solution with 1 
M NaClO4 as the supporting electrolyte. 

In vivo, TLR5 proteins recognize most flagellated bacteria, 
specific recognition is mediated by interaction with the protein 
monomer (flagellin) that constitutes the flagella filament33. 
Two flagellin variants extracted from S. typhim., a Gram(-) 
species and B. subtilis, Gram(+), are applied to test the 
efficacy of the sensor. The major difference between these 
ligands is their respective molecular weights, the Gram(-) 
flagellins being the heavier of the two at 50 kDa while the 
Gram(+) flagellins used in these experiments weighs in at 32 
kDa. After immersing blocked TLR5 electrodes in each 
concentration of the ligand solutions for 5 minutes, the CV 
scans, as shown in Figure 2, show the flatterning of cycle 
curves and much lower current densities, observation that are 
consistent with the binding of the flagellin protein polymer 
onto the immobilized TLR5 and the increased insulation of the 
thicker surface layer. Correspondingly, it can be seen that the 
current density decrease is influenced by the increase in 
concentration of the ligand exposed as shown in Figure 2a and 
b. When comparing the current density changes following 
sensor exposure to the same concentration of each of the two 
ligands independently, the decrease in the measured current 
density for the S. typhim. flagellin application was consistently 
larger than that measured for the B. subtilis flagellin 
application. Once again this difference can be attributed to the 
significant difference in the molecular weight between these 
ligands. Although the CV technique is not readily adapted to a 
mobile sensor, the speed and ease with which CV curves can 
be obtained make this detection method ideal for ensuring 
quality control when carrying out each step in the sensor 
surface modification procedure. The detection of the ligand 
species with the modified TLR5 sensor architecture was also 
examined using SWV. 

   
Figure 3. Square-wave voltammogram obtained, first, for the 

TLR5 sensor before ligand immersion and then after exposure to 
various concentrations of (a) S. typhim., a Gram(-) species and (b) 
B. subtilis, Gram(+). The corresponding concentrations of species 
are 0 µM (before immersion), 0.1 µM, 0.5 µM, 1 µM and 2 µM 
from 1 to 5. A plot (c) summarizing the current density change 
(Δj) upon exposure of the TLR5 sensor platform to various 
concentration of the respective ligands, S. typhim. (■) and B. 
subtilis (▲). 

A current peak at 0.3 V was observed when an SWV 
measurement is taken for a TLR5 sensor prior to immersion in 
S. typhim., as shown in the Figure 3a. The current peak and 
corresponding peak area decreases after exposing the sensor to 
the S. typhim. flagellin solutions. The higher the ligand 
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concentration, the smaller the measured current peak height 
and peak area. While the current peak at 0.3 V decreases, a 
broad low current peak rises at 0.5 V for sensors exposed to 
higher concentrations of S. typhim. flagellins. This could 
imply, that as the total number of available TLR5 receptors on 
the electrode surface bind to more ligands, due to their 
increased availability in higher concentration flagellin 
solutions, the cumulative architecture has a higher packing 
factor. The higher packing factor results in a blocking effect 
and, thus, an increased current density at a higher applied 
potential. This same behavior was also observed for the 
detection of B. subtilis ligands on the TLR5 sensor, as shown 
in Figure 3b, but the changes in current density is smaller. 
These SWV results are consistent with the CV measurements 
previously described. The observed current density changes, 
between the bare TLR5 sensor and following TLR5-ligand 
binding reaction are summarized in the plots shown in Figure 
3c. This figure visually depicts the comparative change in 
current density for binding reactions using low S. typhim. 
ligand concentrations as compared to high ones. The resulting 
curve illustrates a potential saturation of the available TLR5 
binding sites on the sensor by the available ligands in solution. 
An upper limit has been reached in the allowable change in 
current density based on that level of TLR5 immobilization on 
the sensor surface. These Langmuir adsorption-like plots have 
been observed in many other detection scenarios.9,20,39    In 
contrast, the plot shows a more linear behavior for the ligand 
of B. subtilis., which has a lower molar mass, for the 
concentration range explored in this study. This observation, 
in comparison with the results for the S. typhim flagellins, may 
indicate that TLR5 has a higher binding affinity for Gram(-) 
flagellins than for those of Gram(+) bacteria. The saturation of 
the TLR5 sensor surface has not yet been demonstrated for the 
latter, despite applying the same solution concentration of that 
ligand. A more in-depth study of the TLR5 interaction with 
ligands from a wider breadth of bacterial species is required to 
confirm this hypothesis. 

In addition to CV and SWV, EIS is another very powerful 
technique to be applied for label-free detections.7,10,40 

 
Figure 4. Nyquist plots before and after exposing the TLR5 

sensor to ligands of S. typhim. (a) and B. subtilis (b) at solution 
concentrations of 0.1 µM, 0.5 µM, 1 µM and 2 µM respectively. 
Impedance results were recorded from 100 kHz to 0.1 Hz. The 
continuous lines fitted through the scatter plots are impedance 
curves calculated using the circuit model shown in (c) for 
estimation of the film Rct. Within the circuit model, Rs is the 

solution resistance, Rdl is the double layer resistance, Rct is the 
film resistance, Cdl is the double layer capacitance, Q is the 
constant phase element of the film and W is the finite length 
Warburg impedance. The values for each element resulting from 
the modeling process are included in the Table S1 and S2. (d) 
Plots of ΔRct before and after exposing the TLR5 sensor to 
varying concentrations of S. typhim. (■) and B. subtilis (▲) 
ligands respectively. ΔRct = Rct (after immersion at a 
concentration) - Rct (before immersion). The EIS measurements 
were carried out in an electrochemical cell containing a 
5 mM/5 mM Fe(CN)6

3-/4- aqueous solution with 1 M NaClO4 as 
the supporting electrolyte.  

In order to evaluate the electrochemical impedance signals 
triggered by different concentrations of the bacterial ligands, 
the TLR5 sensor surfaces were characterized before and after 
ligand exposure. As shown in Figure 4a, the curve sizes in the 
Nyquist plots increase following immersion of the TLR5 
sensors in solutions of S. typhim.. Similar results are observed 
in parallel experiments conducted monitoring the signals 
triggered by concentrations of B. subtilis and this data is 
plotted in Figure 4b. The model shown in the Figure 4c was 
used to evaluate the film resistance (Rct) before and after each 
trial. The continuous lines in Figure 4a and b are from the 
modeling using ZSimpWin 2.0 and they are fit to the 
experimental curves. The calculated element values for the 
model are shown in the Table S1 and S2. The ΔRct for each 
concentration of the ligand was calculated by subtracting the 
Rct of the sensor before the ligand immersion from the total 
post-immersion Rct. The plots of ΔRct are illustrated in Figure 
4d. After immersing the sensor in a 0.1 µM concentration of 
S. typhim. flagellins, a ΔRct of 526 ± 10 Ω·cm2 is observed. 
The ΔRct measured following sensor surface exposure to 
higher concentrations of S. typhim. flagellins is greater than 
that measured for lower concentration exposures. As expected, 
the ΔRct values measured for the sensor surface following 
immersion in each concentration of B. subtilis flagellins are 
consistently and proportionally smaller than for immersions in 
the same concentration series of S. typhim. flagellins, as shown 
in the Figure 4d. A statistical analysis was conducted using the 
ΔRct values obtained for each independent TLR5 ligand 
experiment, utilizing data collected for the entire concentration 
range; t-tests were conducted and p-values were obtained. As 
further detailed in Table S3, the statistical variance between 
the two data sets is significantly larger than the variance 
within the data points within each set. The p-values for 
0.1 µM, 0.5 µM, 1 µM and 2 µM concentrations correspond to 
2.7%, 1.1%, 3.8% and 2.0% respectively. These p-values are 
all below the 5% threshold. Therefore, the electrochemical 
responses corresponding to the detection of these two bacterial 
ligands at the same concentration are unlikely to be confused. 
This study reveals that the difference in molecular weights of 
the two ligand species possibly has a profound effect on the 
differentiation between their electrochemical signatures when 
examined under the same experimental conditions. 
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Figure 5. Examples of normalized SECM approach curves 

measured for the following surface assembly phases: () bare 
gold; () gold modified with LPA; () immobilized TLR5 after 
ethanolamine blocking; () after incubation with S. typhim. (-) 
flagellins (a); () after incubation with B. subtilis (+) flagellins 
(b). The continuous and dashed lines are the approach curves 
calculated by COMSOL Multiphysics simulation using known 
values for the dimensionless rate constant (Λ). The current 
measured during the approach was normalized using the measured 
tip steady-state current at an infinite distance from the substrate. 
The normalized distance (L) is the ratio of the tip/substrate 
separation (d/a) to the tip radius. (c) Rate constant, k0, plots for 
the surface following each modification step. These rate constants 
were calculated using the dimensionless rate constants Λ values 
estimated by the contrasting the experimental approach curve data 
against the calculated approach curve data shown in Figure 5a and 
b. 

SECM has been chosen for the complementary investigation 
of the efficacy of the TLR5 sensor for the specific detection of 
its flagellin PAMPs. The working principle of SECM has been 
well reviewed in many publications and it is an extremely 
powerful detection technique for the exploration of bio-
interactions.41-44 The capacity of SECM for analytical 
detection has been demonstrated by Piotr et al. and Shamsi et 
al..35,36,45 In contrast to the three techniques described above, 
SECM allows the examination of localized film properties and 
was applied, within this study, for investigation of the same 
incremental surface architecture assembly procedure for the 
construction of a TLR5 sensor surface and the subsequent 
detection of the flagellin ligands. The SECM approach curves, 
shown in Figure 5a and b, demonstrate positive feedback on 
bare gold surfaces as expected due to its conductivity and fast 
electron transfer rate constant. As the Au surface was modified 
by LPA and TLR5 was immobilized, the approach curves 
reveal increasing negative feedback with each additional SAM 
layer. As expected, this demonstrates a dampening in the rate 
of electron transfer with each step of the sensor assembly. 
COMSOL modeling processes, using an RG5 tip, were carried 
out as described in previous publications 36,45 and the resulting 
curve simulations were used to evaluate the regeneration 
kinetics and electron transfer rates at the surface interface. A 
selection of these simulated approach curves are depicted in 
Figures S2a and b as represented by the continuous and dashed 
lines fitted under the collected raw data points. The charge 

transfer rate for each sensor modification step was evaluated 
and plotted in Figure 5c. The trend of the k0 is in agreement 
with Rct shown in Figure S1c. The larger the Rct is, the slower 
k0. Following independent exposures of the fabricated TLR5 
sensors to the flagellins of S. typhim. and B. subtilis 
respectively, the k0 determined is reduced further from 10.6 ± 
3.9 cm•s-1 to 4.0 ± 1.8 cm•s-1 and 5.6 ± 2.3 cm•s-1. The signals 
triggered by the two different ligand species cannot be 
differentiated using this detection method measurement, that 
being said, SECM is still capable of monitoring the surface 
changes triggered by each ligand species post-sensor exposure 
as compared to the results collected prior to ligand application. 
It is speculated that there is a larger relative error-to-signal 
ratio in SECM measurements as compared to that for EIS as a 
result of respective local and surface averaged characteristics 
of two techniques. The modification and immobilization 
measurements carried out at the surface on a microscale be 
more homogeneous than on macroscale. Nevertheless, the 
results from these different techniques are complementary to 
each other and provide a good foundation for the future 
development of these types of TLR sensors. 

Conclusions 
In conclusion, we have developed a biosensor that exploits 

TLR5 as a bio-recognition element for bacterial flagellins. The 
electrochemical properties of the incremental surface 
architecture assembly steps were probed using a combination 
of complementary techniques including CV, EIS and SECM. 
The results produced through the exploitation of these 
different electrochemical detection approaches are consistent 
with each other. Following its assembly, the sensor was 
challenged by applying solutions of flagellins, the TLR5 
PAMP, from either Gram(-) (S. typhim.) or Gram(+) (B. 
subtilis) bacteria strains and the resulting binding response 
was examined. Depending on the molecular weight of the 
PAMP ligand and their electrochemical properties, responses 
varied and were quantitatively estimated by EIS approaches 
and supported by SWV and SECM. The study presented in 
this paper is the initial step toward a TLR5-based biosensor, 
which can be further developed and, subsequently, calibrated. 
The TLR5 receptor is only one member among those in the 
toll-like receptor suite; adapting the sensor architecture to 
exploit the unique recognition abilities of each TLR offers 
new opportunities for broad-spectrum pathogen diagnostics in 
near-real time. This initial investigation is an important 
milestone toward TLR-based detection assays. 
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