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1.  Abstract  

This document reports on an electrochemical-based technology for the detection of harmful 

bacteria and bioaerosols. The focus of this work is the detection of Gram-negative bacteria with 

the ligand-binding domains of Toll-like receptor (TLR) immunoproteins tethered to an electrode 

surface. Specifically, this report describes experimental outcomes during the first option year of 

the contract (revisiting Tasks 5.1 and 5.2, and progress made towards Tasks 5.3, 5.4, and 5.5). For 

Tasks 5.1 and 5.2, we worked specifically on understanding and reducing signal drift (where the 

signal of the sensor changes over time, without contact with the target molecule), which has been 

a key technical challenge of this technology. Tasks 5.3 and 5.9 were focused on bioaerosols 

(airborne organisms and biomatter) and involved the development of sample collection techniques 

and analysis using the standard immunoassay for the detection of Gram-negative 

lipopolysaccharide toxic biomolecules (Limulus amoebocyte lysate). At a later time, samples 

analysed by these methods will be tested electrochemically. Task 5.4 explored the development   

of a Gram-positive bacterial sensor utilizing TLRs 1, 2 and 6. At this time, we have investigated 

the binding interactions of TLR2 and its bacterial targets via microscale thermophoresis and will 

soon test TLR2 as a working electrochemical sensor. Task 5.5 has focussed on our attempts to 

regenerate an electrochemical TLR sensor by removing the protein moiety or the entire SAM    

from the Au electrode surface. Future work will continue to aim at eliminating signal drift and also 

performing electrochemical tests of various Gram-positive TLR-based sensors.   
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2.  Introduction  

This report provides an update for the electrochemical bioaerosol (EC) detection project at its 

current milestone of end of Option Year 1. In this report, the results related to Deliverables 6.3, 

6.4, and 6.5 are presented. The respective Tasks associated with each Deliverable are: 

• Task 5.3 – Design aerosol sample collection and concentration using commercial off-

the-shelf components; subsequent subcontracting added Task 5.9 – Test aerosol   

sample collection and concentration integration at Laval University;  

• Task 5.4 – Characterization (binding strength and specificity) of TLR1, TLR2, and 

TLR6 individually and cooperatively, and recommendations on TLR1/2/6 complex    

on EC sensor; and,   

• Task 5.5 – Conditions to regenerate TLR4 binding  

In addition to these tasks, this report also provides a continuation of the characterization 

conditions and behaviour of Au electrodes modified with self-assembled monolayers (SAMs)    

only, and of fully assembled sensors, which consist of a multilayer assembly utilizing the Toll-               

like receptor (TLR) immunoproteins as the active sensing bio-element. TLRs are immobilized on 

the electrode surfaces by a nitrilotriacetic acid (NTA)-Ni2+ motif, which is the result of a      

chemical NTA modification of an alkyl thiol SAM bound to a Au electrode (see Figure 1 for a 

schematic of a full TLR sensor).  Currently, the electrochemical response of the full TLR4      

sensor, which includes a ferrocene thiol, in the absence of Gram-negative bacteria (i.e., its target) 

has resulted in a false-positive response.  Ideally this signal change, referred to as RCT drift,     

should be minimal or, ideally, eliminated in the final sensor. As a result of the drift problem,    

further testing of the ferrocene-containing SAM stage of multilayer assembly is currently being 

performed. This work is still ongoing and embodies Task 5.1 (Experimental conditions and 

knowledge of EC sensor performance) and, Task 5.2 (Baseline engineering parameters necessary 

for EC detection).   
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bacterial lysates with the SAM only and determine if it might destabilize the SAM. Apart from the 

lipopolysaccharide (LPS) target molecule, which are only found in the outer membrane of the      

cell walls, gram-negative bacterial lysates may contain potential interfering biomolecules that 

could interact with the monolayer and change the RCT. This monolayer is the first layer prepared 

in our multi-layer sensor platform assembled onto Au electrodes, with the SAM chemical 

composition consisting of a 1 mM ethanolic mixture containing 30% 11-mercaptoundecanoic    

acid (MUA), 65% 11-mercapto-1-undecanol (MUO), 5% 10-mercaptodecyl-

ferrocenylcarboxamide (Fc-compound), and 10 mM tris(2-carboxyethyl)phosphine (TCEP). The 

role of TCEP is as a reducing agent to break potential dithiol bonds spontaneously formed in our 

stocks of MUA, MUO, and the Fc-thiol. Thus, TCEP is not part of the SAM assembly. SAM 

formation is performed by allowing alkyl thiols in the SAM mixture to bind to electrochemically 

cleaned Au for 24 hrs.   

Figure 2 shows the cyclic voltammograms (CVs) of an unmodified SAM in the presence of 

various HKST concentrations. SAM testing consisted of collecting a baseline CV (i.e.,   

background CV) in 0.2 M phosphate buffer (PB) pH 7 electrolyte, followed by the addition of 

bacterial lysate, incubation of the sensor in the solution for 20 min, and CV sampling. This      

testing cycle was repeated multiple times over 2 hrs, while the baseline CV was collected only 

once at the beginning of the experimental run. The redox peaks at ca. 0.38 V (vs. Ag/AgCl) are 

due to the Fc motif of the Fc-compound component of the SAM. As shown in Figure 2a, there is  

a clear decrease in peak intensity with addition of bacteria to the solutions. However, a negative 

control SAM in the absence of bacteria was also tested and produced the same outcome. This is 

depicted in Figure 2b, in which the peak charge, presented as a percent different (i.e., percent    

error) from the initial baseline peak charge, shows an almost linear loss in signal with continuous 

CV measurements. Additionally, Figure 2b shows that the presence of bacteria lysates has little    

to no effect on the SAM electrochemistry. The rate at which the Fc peak current decreases during 

the 2 hrs of testing is the same (i.e., ca. 35-40%) in both environments, as depicted by the very 

similar almost linear trend observed in Figure 2b. These data indicate that the bacteria lysates do 

not affect the CV signal intensity of Fc and are thus not the cause of the observed drift.  This 

observation could imply that the Fc thiol peak currents are affected by the electrochemical 

experimental conditions at which the SAMs are currently being tested, which could translate to  

our observed signal drift when full TLR4 sensors are tested.   
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seem to significantly affect the Fc signal, in comparison to Figure 2b, which deals with HKST 

exposure. In Figures 2b and 3b, showing the effect of the addition of bacteria during the     

collection of the CVs and during EIS testing, respectively, the percent difference of the CV peak 

charge vs. the baseline was 35-40% at most, while it was 40-50% when performing a     

combination of CVs and EIS measurements.    

A summary of the electrochemical conditions and the observed anodic Fc peak charge 

(presented as the percent difference vs. the initial peak charge) for SAMs is presented in Table 1. 

Table 1 includes the last peak charge change observed in Figures 2b and 3b. Regardless of the 

number of electrochemical measurements or the electrochemical technique used to evaluate the 

SAMs, the overall Fc anodic peak charge decreased considerably. The percent change seen in the 

Fc-thiol signal seems to be directly associated with factors such as the number of measurements 

made, the extent of time the SAMS were exposed to these conditions, and to the potential      

window used in the electrochemical measurements, rather than interactions with HKST or Au 

etching by CN- ions.  

  

Table 1. Electrochemical conditions used when investigating changes in peak charges for SAMs 
containing Fc-thiols   

Conditionsa  HKST  ferro/ 
ferriCN  

Total #  
 of CVs  

Total#   
of EIS  

% Fc peak charge 
decreaseg  

SAM with HKSTb  Y  N  96d  0  38  

SAM w/o HKST  N  N  96d  0  35  

SAM in ferroCN  N  Y  48e  3f  41  

SAM w/o ferroCNc  N  N  48e  3f  49  
a SAM composition in all cases: 30% MUA, 65% MUO, and 5% Fc-compound. b from Figure 2. c from 
Figure 3. d CVs: 0.1 to 0.7 V, 3 cycles at each of 50, 100, 250, and 500 mV/s, repeated 8 times. e CVs: 0.1 
to 0.7 V, 3 cycles at each of 50, 100, 250, and 500 mV/s, repeated 4 times. f EIS: At 0.3 V vs. Ag/AgCl 
from 1x106 to 0.1 Hz, 10 points per decade, 10 mV AC amplitude. g Last measurement only.  
  
     

The results summarized in Table 1 indicate that some of the experimental settings during 

electrochemical sampling could be responsible for the observed drift of the CV data obtained     
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with unmodified SAMs. Thus, the next experiment involved a CV study that examined the effect 

of time and repeated sampling of electrodes with fresh SAMs in 5 mM ferroCN dissolved in 0.2 

M PB pH 7 buffer, which is the electrolyte utilized during testing of fully-assembled TLR4   

sensors. With one electrode, CV measurements were repeated every 20 min for 2 hrs while the 

SAM was immersed in the solution. The control SAM was also immersed in the same type of 

solution and examined only at time 0 and after 2 hrs.  

The data presented in Figure 4 indicate that stable and overlapping CV signals can be     

obtained from unmodified SAMs if measurements are gathered with sufficient resting time in 

between measurements. The SAMs in Figure 4 were composed of 30% MUA, 65% MUO, and   

5% Fc-compound. The measurements presented in Figure 4 were performed in pH 7 0.2 M PB 

with 5 mM ferroCN added. The CV signal obtained from an unmodified SAM is unstable when 

measurements are gathered every 20 min (Figure 4a) but are much more stable if gathered every 

120 min (Figure 4b). Note that the SAM in Figure 4b remains unperturbed in the testing solution 

for the full 2 hours, except for CVs gathered at time 0 and 120 min. This would indicate that    

longer than 20 min are required between measurements for the SAM to stabilize. In this      

particular experiment, the number of data points gathered per testing time consisted of 3 cycles at 

each of 50, 100, 250, and 500 mV/s. Thus, the total number of CVs collected by the end of 

experimentation for Figure 4a is 84 and for Figure 4b is 24. It may be that the observed CV        

signal stability in Figure 4b is not related to the number of electrochemical measurements made. 

This is because, in Figure 4a, the SAM-coated Au electrode after 20 min (green trace) has also 

been exposed to 24 cycles overall. After 24 cycles, Figure 4a shows a lower peak current and a 

peak potential shift, compared to no change seen for either of these parameters in Figure 4b after 

the 24-cycle treatment. This is a positive outcome that needs to be analyzed further, for instance, 

by stirring the solution between measurements, to determine if the decrease in signal is a result     

of localized depletion of ferroCN near the electrode surface.    
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report, we suggested optimizing the incubation times involved in sensor modification and 

evaluating some strategies that were intended to increase the interaction of Ni2+ with NTA.   

In the set of experiments presented here, we have extended the incubation times for all stages 

of SAM layer modification to incorporate maximum, optimal binding of TLR4. Currently, 

incubation times have been increased to 24 hrs per layer (for each of SAM formation, NTA-

modification, and TLR-modification). This is compared to ca. 18 hrs for SAM assembly,   

overnight incubation for NTA modification, and 20 min for TLR binding to the Ni2+ surface 

moieties. Additionally, a new step, prior to Ni2+ surface chelation by NTA, has been     

implemented, whereby a 5 min incubation of the NTA-modified electrodes in 1 mM NaOH 

immediately precedes a 1 hr incubation in 200 mM NiSO4. Note that NTA is a chelating agent 

containing three carboxylic acid motifs (i.e., -COOH), which chelate Ni2+ most effectively when 

all three groups are deprotonated (in the -COO- form). The full scheme showing the new TLR4 

sensor assembly process is presented in Figure 6.  

  

Figure 6. Full scheme showing the modified method used for the assembly of TLR4 sensors.       
Our sensor involves multi-layer assembly, starting with the deposition of an alkyl thiol SAM 
mixture on a Au electrode. The -COOH component of the SAM is then activated to react with a 
primary amine molecule. This peptide bond results in an NTA Ni2+-chelating moiety, which 
enables TLR4 surface tethering via its His-tagged recombined C-terminus.   
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positive shift in the Fc redox potential suggests less accessibility of ferroCN in solution to the 

bound Fc-moiety and not simply a loss of Fc molecules, which would be seen just by a decrease 

in CV peak charge (i.e., compare Figures 2a and 3b with Figure 7a). Moreover, the slight      

decrease in the double layer capacitance in Figure 7a (shaded box at 0.1-0.15 V vs. Ag/AgCl, as a 

representative section) of the NTA- and TLR-modified surfaces when compared to the   

unmodified SAM is consistent with the SAMs now being covered, for example with NTA and  

TLR molecules, thus thickening the layer on the surface and lowering the capacitance.   

The smaller capacitance observed in our CVs of our modified SAMs is based on the ideal 

capacitor equation. The CV of an ideal capacitor should give a featureless rectangular response3 

with the capacitance obtained from the following equation:  

  

 
𝐶 = 𝜀0𝜀𝑟

𝐴

𝑑
 (1) 

 

where C is the capacitance, ε0 is the dielectric constant of a vacuum (~8.854x10-12 F m-1), εr is      

the relative dielectric constant of the solution, A is the surface area of the electrode exposed to     

the solution, and d is the thickness of the double layer, also known as the charge separation 

distance.4,5    

The CV trend observed in Figure 7a supports the EIS trends observed in Figure 7b. Initially, 

when the SAM is formed, Fc molecules present at the outer surface of the SAM are unobstructed 

and able to interact with ferroCN in solution (black trace). During the subsequent surface 

modification, first with NTA (red trace) and then with TLR (blue trace), the accessibility of 

ferroCN to the surface-bound Fc group should be lowered and the observed RCT increases 

accordingly. The decreasing Fc CV peaks and the commensurate increase in the RCT values 

obtained from the EIS measurements could also be indicative of Fc molecules being detached 

during the various surface modification processes. Alternatively, both surface blocking and loss  

of the FC groups could occur simultaneously. In our experiments, an initial baseline RCT is  

obtained for each individual sensor once it is fully assembled.  Thus, any Fc coverage changes 

prior to testing are not a factor because our interest lies in RCT changes during bacterial exposure, 

compared to the original baseline RCT.   
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Following successful SAM modifications, the full TLR4 sensor was tested against HKST 

Gram-negative bacteria lysates. Sensor testing consisted of collecting the baseline impedance, 

followed by the addition of bacterial lysate to the solution, and allowing the sensor to interact     

with the lysate for 20 min before carrying out the EIS measurements. Starting with ca. 1 cell/mL, 

the HKST concentration was increased tenfold after each 20-min interval up to a concentration     

of 1 x 105 cells/mL (requiring 2 hr of sampling). A separate full sensor, never exposed to HKST 

and referred to as a blank, was concurrently monitored. After sampling for 2 hr, the two     

electrodes were interchanged to their counterpart’s electrolyte solution and EIS measurements 

were recorded for an extra 80 min. (i.e., after 2 hrs of testing, the HKST-exposed sensor was 

transferred to the clean solution of the blank sensor, and vice versa). Nyquist plots of a 

representative experiment of full sensor testing with HKST and a blank are presented in Figure  

8a-b, while the RCT values obtained from these raw EIS measurements are represented as percent 

change (i.e., calculated as percent error) in Figure 8c.  

Figure 8 shows some differences in the response of the HKST-exposed sensor and the blank. 

Although both sensors show a continuous increase in RCT, the amount of change and the slope at 

which RCT changes is greater for the electrode exposed to bacteria. The unshaded portion in     

Figure 8 represents the RCT from electrodes in their original solutions (with and without bacteria). 

The shaded portion in the same figure represents the point at which the bacteria-exposed     

electrode was introduced to the bacteria-free sampling solution, and the un-exposed electrode     

was then exposed to bacteria. Once the sensors were switched to their counterpart’s solution, the 

blank sensor (red trace in Figure 8c) demonstrates a Δ RCT increase of 11% when exposed to the 

1.1 M HKST bacteria lysates. This is a strong indication that the blank sensor quickly interacted 

with the bacteria, forming TLR4 dimers and blocking the RCT pathway between Fc at the SAM 

surface and ferroCN in solution. Similarly, the HKST-exposed sensor (blue trace in Figure 8c) 

shows a small decrease in RCT of -2% most likely due to some bacteria dislodging from the        

TLR4 dimer surfaces. This latter statement is, however, speculative at this stage of development.  
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of this report, SAM-only electrodes experienced the same amount of drift whether or not they   

were exposed to bacteria lysates.  Thus, at this stage of our TLR4 sensor development, the most 

important issue that needs to be addressed is lowering the signal drift observed even in the    

absence of bacteria. As already discussed above, it is possible that some of the Fc thiols detach 

from the SAM with time, or that the Fc itself becomes inaccessible. It is also possible that there    

is some contamination of our testing equipment (the materials used are cleaned but not      

sterilized). Further, it is possible that the TLR4 immunoproteins, still anchored to the NTA 

molecule, may lay down onto the SAM itself rather than “stand up” due to their relatively large 

size, thus blocking the accessibility of ferroCN to the Fc moieties in the SAM during the 

electrochemical measurements.   

  

3.3. Future directions  

We will continue with SAM testing and characterization, including changing the 

electrochemical sampling methods to minimize and understand signal drift during RCT 

measurements. For example, heat treatment of glassware prior to testing could remove the 

uncertainty of endotoxin contamination triggering our sensor. Additionally, substitution of PB 

buffer with other electrolytes, such as perchlorate and borate, is also being investigated.   

  

4.  Tasks 5.3 and 5.9: Bioaerosol collection and endotoxin analysis  

4.1. Background  

Bioaerosols consist of liquid or solid particles, suspended in air, and generally containing  

microorganisms (e.g., bacteria, fungi, and viruses) or organic compounds from these 

microorganisms (e.g., endotoxins, metabolites, and proteins).6 Although bacteria are abundant in 

both the environment and in humans, they are found at higher concentrations in indoor compared 

to outdoor environments (varying with season, location, and occupants), since they are      

associated with the presence of humans and animals.7 Locations, such as barns, farms, and waste 

treatment plants, are conducive to a higher presence of bacteria and thus this is where Gram 

negative bacteria are more likely to be found and tracked.7   
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As part of our bioaerosol detection directive, a collaboration was established between the 

Duchaine Group at Laval University and the Birss Group in Calgary. The collaboration involved 

the travel of Dr. Armando Marenco to the Duchaine Lab to be trained in conducting bioaerosol 

collection and performing the Limulus amoebocyte lysate (LAL) assay. The LAL assay is 

considered the gold-standard for endotoxin detection in biological samples8 and would thus give a 

useful comparison to the results obtained with our electrochemical TLR sensor. In this report,       

the term endotoxin is used interchangeably with lipopolysaccharide or LPS.  

There are several commercially available LAL assays in the market. The operating principle  

of all LAL assays is the coagulation reaction between white blood cells (called amoebocytes in 

invertebrates) of the Limulus polyphemus horseshoe crab with bacterial endotoxins.9 The kits 

utilized for the current analysis were obtained from Lonza, specifically the LAL Kinetic-QCL 

(Catalog No. 50650U). The advantages of Lonza’s LAL Kinetic-QCL compared to other kits is   

its lower interference rating with proteins and other biomolecules, as well as its lower detection 

limit of 0.005 endotoxin units (EU)/mL.9 For comparison, a basic visual LAL kit able to 

differentiate between the presence or absence of clotting (referred to as the binary gel-clot assay) 

is rated as being ten times less sensitive.9 For reference, 10-15 EU are equivalent to 1 ng/mL of 

LPS, assuming an average Mr of ~ 4000.10    

When endotoxins are present, the LAL Kinetic-QCL kit displays a colour change, measured  

by a plate reader at a 405 nm wavelength. This colour change (from clear to yellowish) is due to 

the release of p-nitroaniline from a synthetic peptide used as an additive in this kit. During the 

natural coagulation process, a clotting enzyme is produced by the amoebocytes in the presence of 

endotoxin, causing the target protein, coagulogen, to clot.10,11 The Kinetic-QCL kit, however,     

also contains a synthetic target substrate containing the Gly-Arg-p-nitroaniline sequence, which is 

cleaved by the clotting enzyme.10,11   

The following section describes two experiments that were performed with the Duchaine 

group. The first set compared bioaerosol sample collection with two different devices, being     

glass impingers and glass fibers. This was followed by comparison of samples collected using                  

the LAL kit. The second experiment was focussed on the determination of the effect of    

autoclaving on LPS detection by the LAL kit.  
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Table 2. Comparison of aerosol samplers used in this experiment.  

Collection 
type  

Sampler  
& pump  

Main 
advantage  

Number of 
samples & 
medium  

Collection 
rate & time  

Aqueous  

Glass impinger  
AGI-30 (Ace Glass,  
Inc., 754010) with  
Sensidyne Gilian  
AirCon-2 High Flow  
Air samplers  

Improve 
collection of 
viable vegetative 
cells  

Three samples in 
20 mL saline 
buffer  

Sequential air 
sampling at 12.5 
L/min for 20 
min. Total air 
vol. per sampler:  
0.25 m3  

Dry  

Glass fiber filters 
preloaded in 
cassettes, 37 mm, 
type AE (SKC, 225-
709) with Sensidyne  
Gilian GilAir Plus  
Personal Air  
Sampling pump  

High holding 
capacity  

Three filters 
without medium 
during collection. 
Used 5 mL saline 
buffer post-
collection  

Simultaneous air 
sampling at 2 
L/min for 4 hr.   
Total air vol. per 
sampler: 0.48 m3   

  

  

4.2.2. Pure Gram-negative bacteria cultures  

In addition to these bioaerosol samples, pure cultures of several Gram-negative bacteria    

strains were also provided by the Duchaine Group and then tested for endotoxin content. The   

levels of endotoxins in the bacterial cultures were tested before and after heat-treatment. The     

heat-treatment consisted of autoclaving bacterial aliquots that were 4 mL in volume at 120 oC for 

15 min, considered equivalent to the heat-killed bacteria used in our electrochemical studies. For 

comparison, according to the literature, endotoxins can be inactivated when exposed to 

temperatures of 250 oC for more than 30 min or to 180 oC for more than 3 hours.14-16 In Table 3, 

the bacteria strains, their experimental optical density (OD) values, and their respective     

calculated concentrations are given.  
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Table 3. Pure Gram-negative bacteria cultures, experimental OD, and calculated concentrations  
 

Gram-negative strain  OD  cells/mL (x108) a  

Shigella sonnei  0.46  3.68  

Escherichia coli (E. coli)  0.78  6.24  

Salmonella choleraesuis  0.23  1.84  

Pseudomonas syringae  1.08  8.64  

Serratia marcescens  1.49  11.9  
a Except for E. coli, all concentrations are estimates using Reference 17, which works       
specifically for E. coli cell cultures utilizing a conversion factor of 1.0 OD equivalent to 8 x 108 
bacteria cells/mL.   

  

4.2.3. LAL analysis of collected bioaerosols and cultured cells   

LAL analysis was performed on the bioaerosols and on the pure Gram-negative cell cultures.  

The results are discussed below.  

  

4.2.3.1. LAL analysis of bioaerosols  

Figure 10 compares the endotoxin content determined by the LAL assay of bioaerosols 

collected with the glass fiber filters and impingers samplers. Figures 10a and 10c, in units of 

EU/mL, show a significant difference in terms of the number of EU present with the filter    

samples, containing a higher content when compared to the impinger samples. This discrepancy, 

however, is the result of different post-collection treatment methodologies utilized for the two 

sampler types. For example, glass impingers collected bioaerosol in 20 mL volumes, while glass 

fiber filters collected bioaerosol on a dry material and then post-treated in 5 mL saline buffer. To 

correct for the different dilutions of the bioaerosol achieved using the different collectors, a more 

accurate comparison is found in Figures 10b and 10d in units of EU/m3 of air (refer to Table 2     

for volumes collected). In Figure 10d, the average EU per volume of air for these two sampler 

types are within percent error of each other, as observed by the calculated standard deviation      
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According to the literature, LPS molecules are heat-stable18,19 and are not destroyed under 

typical sterilizing conditions, requiring temperatures of over 180 oC to eliminate them.15 Specific 

sterilization conditions are, for example, 180 oC for more than 3 hours,14-16 200 oC for 60 min,16  

or dry heat at 250 oC for more than 30 min.14-16   

Our observations relating to the blank TLR4 sensors and the issue of RCT drift during testing, 

as exemplified in Figure 8b, could be attributed to the non-sterile conditions of our experiments. 

For instance, the glassware used during blank testing could be contaminated with LPS from 

previous runs, thus activating the sensor during non-HKST conditions. Other possible theories     

are the TLR4 immunoproteins are folding over the SAM, in the process, blocking Fc molecules 

located on top of the SAM; and the SAM is deteriorating during testing resulting in Fc and/or the 

complete Fc-compound breaking away from it.  

  

4.3. Future directions  

Based on our LAL comparison assay of heat-inactivated versus live bacterial cells, the 

concentration of LPS that is recognized by the clotting enzyme decreases significantly during     

heat treatment (Figure 11). This is an indication that the linear RCT response observed for our   

TLR4 sensor (Figure 8c) with orders of magnitude increases in the HKST concentrations is the 

result of too low LPS concentration present in the sample. This hypothesis is based on our TLR4 

sensor response when tested against the commercially available heat-killed Salmonella 

typhimurium lysates.  To test this hypothesis, commercially available LPS should be used (rather 

than heat-killed bacteria) to test our TLR sensors. TLR4 testing against LPS has been previously 

reported by our group, albeit with SAMs lacking an Fc-component, resulting in a linear response 

to orders of magnitude increments of LPS concentration.20 These early versions of our sensor 

employed SAMs that did not contain any Fc-compounds (or any other redox active surface-    

bound molecules) and were composed of thiols of a variety of lengths. This may have affected    

our sensor response to LPS concentrations, which ranged from 1 to 1,000 ng/mL.20 An      

alternative to direct LPS testing could be the use of mechanically destroyed Gram-negative 

bacteria. It is expected that a mechanical method would break bacterial cell walls without    

affecting the LPS activity.  
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Another methodology change that could be adopted is the use of sterile glassware during the 

testing of our blank TLR sensor. Although our glassware is rinsed with acetone, isopropanol, 

ethanol, distilled water, and Millipore water, in this sequence, prior to use, the possibility of 

glassware contaminated with LPS from previous runs does exist. Additionally, the Pt counter 

electrode (consisting of a Pt mesh coated with Pt black) or the Ag/AgCl reference electrode frit 

could also lead to cross contamination, as the same electrodes are used between experiments.  

Sterilization of the Pt electrode could be achieved with an open flame, while a dedicated      

Ag/AgCl reference electrode utilized only for non-contaminated testing could avoid possible   

cross-contamination.  

  

5.  Task 5.4: Developing a Gram-positive bacterial sensor utilizing TLR1, TLR2, & 

TLR6 5.1 Background  

TLRs are a family of proteins present on cell membranes of hosts and are part of the innate 

immune system. To date, ten TLR proteins, labelled as TLR1-10, have been recognized in    

humans. Different TLR immunoproteins uniquely recognize varying sets of ligands. For     

instance, TLR2 recognizes cell wall components from Gram-positive bacteria, such as 

peptidoglycan (PGN), lipoproteins and several other ligands. TLR2 activation occurs by forming 

a heterodimer with other immunoproteins, such as TLR1 and TLR6, in the presence of target 

ligands.21 A literature example of a synthetic lipoprotein commonly used for TLR2 activation is 

Pam3CSK4.22 Similarly, TLR4 recognizes cell wall components from Gram-negative bacteria, 

such as lipopolysaccharides (LPS), by forming a homodimer with itself.21  

In Section 4, the binding affinities of TLR2 against Pam3CSK4 and PGN-EB ligands, and 

TLR4 against LPS, were studied by determining the dissociation constant (Kd) using microscale 

thermophoresis (MST). Binding affinity in this case describes the strength of the complex      

formed by the interaction between immunoprotein and its respective ligands. The objective of 

Section 4 is therefore to measure the immunoprotein-ligand interaction in solution (i.e., 3-

dimensional environment, with maximized degrees of freedom for the interactions to occur) and 

compare this with the observations obtained with the electrochemical sensor, which restricts the 

freedom of the immunoprotein to move, but in the proper configuration, it aligns its interaction   

site once bound to the electrode surface.    



26 
 

 



27 
 



28 
 



29  
  

molecule/solvent interface, and thus a function of the surface charge and hydration sphere.   

Binding curves are useful in determining Kd by mathematically fitting an experimental full   

binding curve to the Kd binding model used for non-cooperative interactions. In this case, the 

dissociation constant, Kd, defines the equilibrium case where half the TLR molecules present are 

bound to the ligand. Kd is reported in units of ligand concentration. For example, in Figure 13, Kd 

is obtained from the abscissa at the midpoint of linear region 2, which corresponds to the ligand 

concentration.  

Figure 14 shows the interaction between TLR2 and Pam3CSK4. This figure presents two 

binding curves, one for the initial and one for the normalized fluorescence of the TLR2- 

Pam3CSK4 system over a Pam3CSK4 concentration range of 40 nM – 785 µM. During an MST 

experiment, several capillary tubes containing the same TLR concentration are incubated with 

ligand concentrations that increase exponentially, allowing the collection of several data points   

for an MST plot. Generally, there are two main observations in an MST plot. These phenomena 

occur simultaneously during the interaction of the ligand binding to the TLR protein. One of      

these effects results in changes in the fluorophore micro-environment, which is observed by the 

initial fluorescence plot. The second effect results in changes in the surface charge of the 

fluorophore-TLR complex, which is observed in the normalized fluorescence data. Observing    

both effects is a strong indication that TLR has bound to its target ligand. The deviation of the    

two higher ligand concentration data points (i.e., ca. 250 and 1000 µM) of the normalized 

fluorescence (black trace) indicates a variation in the migration properties (thermophoresis) of 

TLR2 caused by the binding of Pam3CSK4 to the immunoprotein. This change in      

thermophoresis of TLR2 allows the determination of the TLR2-Pam3CSK4 binding interaction    

by calculating the Kd.   
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 There are two major insights that can be extracted from Figure 16. The first is that TLR2      

does not appear to require the formation of a heterodimer with TLR6 in order to bind with the 

PGN(EB) ligand. The homodimerization of TLR2 has been proposed by others, but no evidence 

has been obtained when monitoring TLR2 binding with other ligands, such as Pam3CSK4 and 

Pam2CSK4.25 The second observation is that the Kd for the TLR2-PGN(EB) complex is 

significantly lower than the Kd for the TLR4-LPS complex. This suggests that the TLR2-  

PGN(EB) interaction is much stronger than that for the TLR4-LPS system. These insights are 

limited because Kd determinations for both the TLR2-PGN(EB) and TLR4-LPS were performed 

only once each, and thus these experiments will be repeated in the coming research phase.  

Determination of binding affinities between TLR immunoproteins and their respective    

ligands in solution is useful for characterizing binding events that will likely also occur on the 

surface of our sensor. These results will be then used to correlate the magnitude of signal change 

of our sensor with the strength of the binding affinities in a more quantitative manner (using Kd). 

A lower Kd implies stronger binding interactions for the same amount of ligand and thus should 

correlate with a larger change in RCT of our sensor. For example, the quantification of Kd (in 

solution) can be used to identify the ligand with the strongest binding interaction in solution, 

resulting in a biosensor with high selectivity, making it less prone to reacting with interferents.   

  

5.3. Future Directions  

Future experiments will focus on examining the Kd values of the TLR2 immunoprotein with 

several ligands as a function of a range of conditions, including ionic strength, temperature, and 

the presence of TLR2’s heterodimers, TLR1 and TLR6. Ideally, this analysis will be replicated   

for other TLR2 ligands that are commercially available, such as PGN(BS) and CU-T12-9. It has 

been noted in the literature that some commercially available PGN ligands may contain 

contaminants that trigger a TLR2 response.26 Ligand CU-T12-9 has a Kd = 229 ± 66 nM and 449 

± 114 nM when bound to TLR1 and TLR2, respectively, according to MST experiments    

performed by others.27   

It is expected that successful data acquisition for the proposed experiments would lead to the 

determination of thermodynamic and kinetic parameters. For instance, the perchlorate ion 
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stabilizes the SAMs used for the immobilization of immunoproteins, but it is unclear whether 

perchlorate interferes with the formation of the immunoprotein-ligand bound complex. The 

combination of electrochemical and MST experiments can thus be used to optimize the   

perchlorate ion concentration required for stable SAM formation and effective binding of the 

immunoprotein-ligand complex. In general, this can be used to concurrently optimize the effect   

of specific ions on the stability of SAMs and on the TLR immunoprotein binding properties.   

  

6.  Task 5.5: Regeneration of TLR4 sensor  

6.1.  Background  

In general, sensor regeneration is a sought-after design characteristic because it has the 

potential to decrease capital, time, and labour costs. In one direction, our multilayer TLR-based 

sensor could be reused by disrupting the binding between the Ni2+-NTA motif of the SAM and   

the polyhistidine affinity tag amino acid sequence (i.e., His-tag) of the recombinant TLR4 

immunoprotein. Essentially, an LPS- or bacteria-exposed TLR4 sensor would be treated to   

remove the TLR4 protein, thus allowing for the reutilization of the NTA motif to bind fresh      

TLR4 immunoproteins. This could potentially be achieved by exposing an already used sensor to 

imidazole. Imidazole is the 5-member ring structure part of histidine that binds to the Ni2+-NTA 

octahedral complex (Figure 6). This feature allows for competition for binding of these two 

compounds to the Ni2+ cation.28 This process can be altered so that the process favours imidazole 

by increasing its concentration in comparison to the concentration of the His-tag.25,29 Moreover, 

some protocols also suggest that the addition of ethylenediaminetetraacetic acid (EDTA), a well-

known metal hexadentate chelating agent, could help to selectively remove Ni2+ ions from     

NTA,30 while leaving the SAM intact.   

Alternatively, sensor regeneration could potentially also be achieved by removing the SAM 

from the Au surface completely, which is equivalent to the complete removal of all of the layers. 

The alkyl thiol SAM, serving as the linker between the TLR immunoproteins and the Au surface, 

forms spontaneously on Au. Thus, it is considered to be the easiest step in sensor assembly. 

Typically, SAMs can be removed with acids, bases, or detergents.  However, these chemicals       

can damage the Au substrate, in turn modifying the surface area upon which the SAMs are 
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formed.31 This second regeneration protocol is less desirable than the one described earlier, 

especially from a time savings point of view, as the sensor would have to be fully re-assembled 

and only the Au substrate would be retained. In contrast, if only the TLR protein is removed and 

the SAM, NTA and Ni2+ layers are retained, as explained above in the first protocol, this would 

require only a 24-hr period for sensor regeneration.   

Alkyl thiol SAM desorption from Au surfaces can also be achieved electrochemically, if this 

is a desired route to take. For example, reductive SAM desorption from Au electrodes is possible 

by applying negative potentials of ca. -1.2 V vs. the Ag/AgCl reference electrode.31 Likewise, 

oxidative SAM desorption is achievable at +0.9 V (vs. Ag/AgCl).31 Moreover, since our sensor 

assembly methodology already includes an electrochemical cleaning step of the Au electrodes  

prior to SAM formation (0.05 – 1.8 V vs RHE in 0.5 M H2SO4), the same step can be applied to 

remove the already existing SAM for regeneration purposes.   

Finally, since our SAM contains an Fc component as a redox probe, the ferrocene motif     

allows for monitoring any differences introduced during SAM assembly on to the same Au 

electrode. These differences refer to, for instance, surface coverages and minor peak potential 

changes (in the single digit mV range). These differences, if observed, can be minimized by 

keeping constant experimental parameters, such as thiol mixture composition and SAM     

formation time.   

  

6.2.  Experimental results  

6.2.1. Replacement of TLR4 using imidazole for SAM-NTA regeneration  

Initially, our efforts were focused on removing only the TLR4 immunoprotein, while     

retaining the rest of the layers (i.e., the SAM and NTA) bound to Au. Our first attempt consisted 

of sequential incubations in 0.5 M imidazole, Millipore water, 50 mM EDTA, and a second 

Millipore water incubation for 5 min each. Electrodes were electrochemically monitored before 

and after TLR removal treatment.   

Figure 16 shows the electrochemical response of a SAM during TLR removal. Figure 16a 

displays CVs in PB buffer of the TLR4 stripped SAM. There is virtually no change in the SAM 
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treatment EIS data in Figure 16b could not be completed due to the unusual, erratic results 

observed. Several attempts to acquire impedance spectra during this experiment produced the  

same outcome. Similarly, in Figure 16c, the CV obtained after the stripping treatment resembles   

a CV of bare Au in the presence of ferrocyanide. As the CV Fc charge has not measurably   

changed, these results suggest that, during immunoprotein removal, the SAM has likely    

developed defects, such as pinholes, through which the ferro/ferricyanide redox couple can react 

directly with the underlying Au substrate. Note that the trend observed with this sensor is 

representative of three other identically treated sensors concurrently tested.  

Since the resulting SAMs were badly damaged according to these other electrochemical 

measurements, no attempt was made at binding fresh TLR immunoproteins to these modified 

electrode surfaces. These results thus indicate that our regeneration attempts were likely too 

aggressive, requiring milder conditions for the removal of the TLR proteins only such that the 

underlying modified SAM would not be damaged in this way. These new conditions thus    

involved sequential incubation steps in 0.1 M imidazole, 0.2 M PB pH 7 buffer, and 0.1 M      

EDTA, in a pH 7, 0.2 M PB. Four sensors were tested under their own incubation times of 30 s,    

1 min, 2 min, and 4 min per step.    

Figure 17 displays the electrochemical characterization of an HKST-exposed sensor with 1  

min incubation with the imidazole solution (using the modified TLR stripping conditions). All 

other electrodes and times used produced similar results. Comparable to Figure 16a, the CVs in 

Figure 17a show a minor decrease in the Fc peak charge after the removal treatment. Unlike  

Figures 16b and 16c, however, Figures 17b and 17c indicate that the SAM is less defective.     

Figure 17b, for example, shows an increase in RCT after TLR stripping during EIS measurements. 

This could be interpreted as resulting from a few Fc-containing thiols detaching from the SAM 

during treatment, which is corroborated by the decrease in signal found in Figure 17a. The CVs in 

Figure 17c, showing similar electrochemical rectification behavior during pre- and post-     

removal, also suggest that these milder protein removal conditions (i.e., lower concentrations of 

imidazole) do not create defects in the SAM. Also, based on Figure 17b, the entire Fc-containing 

thiol was perhaps not removed but rather only the Fc group may have been lost. Alternatively,     

the observed increment in RCT could be the result of partial chelation of Ni2+ by EDTA.   
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characterization technique that allows monitoring of a physical property that proves that TLR is 

still present. Even so, the most important observation, based on our interpretation of the data, 

should be the decrease in RCT after TLR4 stripping. We have interpreted the increase in this 

parameter during sensor assembly as successful SAM modifications and thus the reverse 

observation, namely, the decrease in RCT decrease with what we believe is TLR4 removal should 

be the key indication that regeneration of the sensor has been achieved.  

  

6.2.2. Electrochemical desorption of multilayer sensor for Au regeneration  

The objective of the work described in this section is to determine if Au electrodes can be 

reused for multiple SAM depositions. Furthermore, this section deals only with unmodified    

SAMs having the following composition: 30% MUA, 65% MUO, and 5% Fc-compound. As 

previously mentioned, our sensor assembly protocol includes an electrochemical cleaning step of 

Au substrates prior to SAM assembly. This exact experimental step was performed in order to 

attempt to remove the alkyl thiol SAMs formed on Au electrodes. As a proof of concept, in this 

series of experiments, only SAM desorption was tested (as opposed to a fully assembled TLR 

sensor). It is assumed here that SAMs modified with NTA and TLR will behave the same as an 

unmodified SAM. Additionally, in this experiment, two different electrode storage methods were 

tested, storing dry and storing wet. The purpose of using these two environments was not only to 

investigate the effect of storage conditions on Au, as long exposures to ambient air could result    

in the interaction of Au with residual sulfur compounds in the laboratory, but also to check the   

wet stability of the Epon mask deposited on the Au electrode.  

The two Au electrodes were prepared and monitored concurrently. For example, after 

electrochemical cleaning of the Au electrodes, a fresh SAM was assembled and tested. The      

SAM-coated electrodes were then either kept dry in air or wet in pH 7 0.2 M PB for several days. 

During the next test day, the Au electrode was electrochemically cleaned, and a fresh SAM was 

prepared and tested. Note that a stock alkyl thiol ethanolic SAM mixture was prepared freshly  

each time. Thus far, this cycle was performed a total of four times.   

Figure 18 shows the electrochemical surface area (ECSA) of the Au electrodes during the      

first four tests, with the ECSA obtained from the charge passed in the reduction peak of Au(II) 
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further tested using non-electrochemical characterization techniques, such as the quartz crystal 

microbalance (QCM), which monitors mass changes.  

  

7.  Summary and Next Steps  

While there have been challenges with our TLR sensors, in particular with drift related to the 

ferrocene-containing SAMs, a significantly better fundamental understanding of our current   

TLR4 sensor platform is being achieved. The following is a summary of this report, also    

providing the next steps required to continue these investigations.   

    Identifying the sources of signal drift with the TLR4 sensor (Section 2: Tasks 5.1 and 5.2):  

Fundamental studies of the SAM electrochemistry have indicated that drift is likely caused 

primarily by the adhesion of thiols to Au, as well as factors related to the ferrocene thiols, with 

time and during an experimental run. The drift observed with our previous generation of    

sensors,20 which did not contain the ferrocene groups and were thus much more resistive, was 

significantly lower.  At this time, we know that HKST and ferroCN do not contribute to the RCT 

drift problem. However, repeated sampling and/or local depletion of ferroCN at the electrode 

surface do result in an increase RCT, as expected. To resolve this, an experiment similar to what is 

shown in Figure 4 will be performed in the near future, including mixing the cell solution 

thoroughly during the 20-min rest period between CV or EIS measurements.  The results will be 

compared with those obtained from a control, where sampling will occur only at the start and end 

of the experiment. Additionally, experiments will be performed to test the effect of solution ions 

(such as substituting phosphate with borate or perchlorate), as these may also help to stabilize the 

SAMs on Au.  

Testing bacteria collected from aerosol with the EC sensor (Section 3: Tasks 5.3 and 5.9). 

Studies performed with collected aerosol and cultured bacteria demonstrated the efficacy and use 

of various bioaerosol collection techniques and the LAL test. The LAL test with cell cultures that 

were heat treated raised questions about whether heat-treatment changes the LPS ligand, such     

that it is no longer recognized by the LAL test and possibly also by TLR4. To resolve this, we    

will perform MST studies and electrochemical sensor tests of heated LPS vs. non-heated samples 

to determine if the binding efficacy to the ligand is lost appreciably with heat treatment. Also, we 

will perform studies focussed on ensuring that previous LPS samples are fully removed from 
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glassware and electrochemical cell components.  We will also complete our objectives within   

these tasks, which include testing cultured aerosol strains from the Duchaine laboratory with the 

electrochemical sensor.  

Development of a Gram-positive sensor with TLR2, TLR1 and TLR6 (Section 4: Task 5.4). 

Preliminary experiments focussed on the development of a Gram-positive sensor have begun     

with MST studies, aimed at characterizing the biophysical interactions of the proteins with their 

targets. Our goal was to rapidly and efficiently determine the Kd values for TLR2, TLR1 and  

TLR6-ligand interactions in order to apply this knowledge to subsequent electrochemical 

experimental design. Preliminary results and other publications have shown that TLR2 can bind 

its targets without forming a heterodimer (although these studies do not rule out the idea that    

TLR2 may form a homodimer). Additionally, our attempts to add TLR2 binding partners   

produced significant aggregation in the presence and absence of the ligand (data not shown). 

Experiments performed with TLR2 and the ligand Pam3CSK4 were not sensitive enough and a 

complete sigmoidal binding curve could not be obtained (saturation not possible). However, 

binding experiments with PGN(EB) support the hypothesis that TLR2 can bind this target     

without TLR6 present, and that there is a very sensitive binding interaction of TLR2 to PGN(EB) 

(Kd = 12.9 nM). Experimental repeats of these binding tests will be performed, in addition to 

characterizing other TLR2 ligands. Based on the observed Kd values, the electrochemistry 

experiments will be performed to determine whether a TLR2-ligand interaction produces RCT 

changes that are similar to those seen for TLR4-LPS and if TLR2 would be effective as the    

sensing component of a Gram-positive sensor.   

Feasibility of regenerating the TLR4 sensor (Section 5: Task 5.5). Sensor construction is a long 

and costly process and thus it is desirable to be able to regenerate the bioaerosol TLR4 EC-     

sensor. Because it is believed that TLR4 release of its ligand will not be complete, we adopted     

the strategy of releasing TLR4 from the SAM and then replenishing it. One danger of using this 

approach is the possibility of destroying the underlying SAM.  It was found that a mixture of 

imidazole, EDTA and phosphate buffer appeared to not damage the SAM, although there was no 

change in RCT with the addition of imidazole and EDTA, as expected, based on the observations  

of Figure 5. Experiments to validate the removal of protein will be carried out in the next       
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research phase in order to ascertain that TLR4 was removed from the SAM and that the NTA-

motif, which binds the TLRs, has been regenerated.  
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