Open Access Article. Published on 16 September 2024. Downloaded on 2/23/2026 11:21:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analytical
Methods

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Anal. Methods, 2024, 16, 7021

Received 27th May 2024
Accepted 28th August 2024

DOI: 10.1039/d4ay00983e

rsc.li/methods

1 Introduction

Rapid assembly of mixed thiols for toll-like
receptor-based electrochemical pathogen
sensingt

Rajesh G. Pillai, ©2 Knhalid Azyat,? Nora W. C. Chan® and Abebaw B. Jemere [ *a<d

Herein, we describe a rapid and facile fabrication of electrochemical sensors utilizing two different toll-like
receptor (TLR) proteins as biorecognition elements to detect bacterial pathogen associated molecular
patterns (PAMPs). Using potential-assisted self-assembly, binary mixtures of 11-mercaptoundecanoic acid
(MUA) and 6-mercapto-1-hexanol (MCH), or MUA and an in-house synthesized zwitterionic sulfobetaine
thiol (DPS) were assembled on a gold working electrode within 5 minutes, which is >200 times shorter
than other TLR sensors’ preparation time. Electrochemical methods and X-ray photoelectron microscopy
were used to characterize the SAM layers. SAMs composed of the betaine terminated thiol exhibited
superior resistance to nonspecific interactions, and were used to develop the TLR sensors. Biosensors
containing two individually immobilized TLRs (TLR4 and TLR9) were fabricated on separate MUA-DPS
SAM modified Au electrodes (MUA-DPS/Au) and tested for their response towards their respective
PAMPs. The changes to electron transfer resistance in EIS of the TLR4/MUA-DPS/Au sensor showed
a detection limit of 4 ng mL™ for E. coli 0157:H7 endotoxin (lipopolysaccharide, LPS) and a dynamic
range of up to 1000 ng mL™%. The TLR4-based sensor showed negligible response when tested with LPS
spiked human plasma samples, showing no interference from the plasma matrix. The TLR9/MUA-DPS/Au
sensor responded linearly up to 350 ug mL~* bacterial DNA, with a detection limit of 7 pg mL™%. The
rapid assembly of the TLR sensors, excellent antifouling properties of the mixed SAM assembly, small size
and ease of operation of EIS hold great promise for the development of a portable and automated
broad-spectrum pathogen detection and classification tool.

portability and low-cost instrumentation." Typical biosensors
that employ nucleic acids and proteins as target recognizing
entities provide specific and sensitive pathogen detection.

Pathogens present an unparalleled threat to human lives as they
can be transmitted through air, water or food. Effective early
detection is of utmost importance to curb and contain
pandemic and epidemic outbreaks. Conventional means of
pathogen detection, identification and monitoring based on
colony and culture counting, plaque neutralization tests and
polymerase chain reaction are time consuming, expensive and
inadequate for rapid and onsite analysis,* which is key for early
intervention and disease containment. Biosensors have
received increasing attention as an alternative to these
laboratory-based tests due to their rapid response time,
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However, for their effective use a potential cause of infection
must be suspected and they are not suitable for screening
emerging threats where the pathogen is unknown. To alleviate
these limitations and boost biosecurity efforts, broad-spectrum
biosensors that are capable of detecting any member of a broad
group of related organisms using nonspecific reagents are
highly sought after.>* In the literature, several approaches are
presented for broad-spectrum detection and classification of
pathogens, including chemical-based optical sensors for
bacteria detection,>® PCR-mass spectrometry assays,”® and
optical and electrochemical sensors using toll-like receptor
proteins (TLRs)*™*® and antimicrobial peptides as nonspecific
recognition moieties.’** In a recent report, our group demon-
strated that TLR-based electrochemical impedimetric sensors
combined with microfluidic sample manipulation have poten-
tial for the development of miniaturized and portable bacterial
detection and classification platforms.*

Toll-like receptor (TLRs) proteins, which are produced by
innate immune cells, recognize key conserved molecular
signatures present in pathogen classes. For example, TLR4
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recognizes lipopolysaccharides (LPS) found in Gram-negative
bacteria, TLR5 identifies flagellin of flagellated bacteria and
TLR9 shows affinity to unmethylated cytosine-phosphate-
guanine (CpG) oligodeoxynucleotides (ODNs) in bacterial and
viral DNAs.*?® This class specificity of TLRs makes them
appealing for the development of broad-spectrum pathogen
detection and classification devices.*® The construction of
these sensors, however, relies on passive incubation of clean
electrode surfaces in alkanethiol or N-heterocyclic carbene
(NHC) solutions to form the biomolecule linker self-assembled
monolayer (SAM) surfaces, taking several hours (even days) to
attain well-packed and compact self-assembled monolayer
(SAM) structures, and often suffers from reproducibility
problems.**?®

In this work, we employed a potential-assisted SAM forma-
tion strategy to deposit mixed thiol SAMs on Au electrodes for
fast and reliable TLR-based electrochemical pathogen sensor
fabrication, and minimize nonspecific adsorption. Potential-
assisted self-assembly has been shown to considerably reduce
the adsorption dynamics of thiols and thiolated aptamers from
several hours to several minutes and improve the reproduc-
ibility of sensor fabrication.**-** Mixed thiol SAMs, formed by co-
adsorption of binary thiols where one thiolate with a functional
headgroup anchors the biorecognition element and the other,
as dilutant, provide convenient routes to immobilize bio-
recognition entities onto gold electrodes for sensing applica-
tions.*'*> Moreover, mixed thiol SAMs have also been shown to
prevent denaturation of the biorecognition entity, minimize
non-specific protein adsorption, and improve the bioactivity of
the sensor in comparison with one developed using homoge-
neous SAMs.*"*? However, such mixed thiol SAMs are rarely
reported in electrochemical impedance spectroscopy (EIS)-
based pathogen sensor development.*® Here, mixed SAMs of
11-mercaptoundecanoic acid (MUA) with 6-mercapto-1-hexanol
(MCH) or with an in-house synthesized sulfobetaine thiol, 3-((3-
mercaptopropyl)dimethylammonio)propane-1-sulfonate (DPS),
were formed by applying a constant DC potential, and the self-
assembly is compared with that formed by a conventional
passive incubation technique. Zwitterionic compounds, such as
sulfobetaines, are attractive materials for preventing biosensor
fouling due to their high resistance to protein non-specific
adsorption from complex media, stability and biocompati-
bility.>* By employing an optimized potential and thiol ratio,
compact and reproducible mixed thiol SAMs with excellent
antifouling properties were formed within 5 minutes as
opposed to the many hours (days) required to fabricate the
above cited TLR sensors®*® reducing the sensor fabrication time
by >200-fold. Two different TLRs (TLR4 and TLR9) were indi-
vidually immobilized as active components of the biosensor
surfaces and tested against their respective pathogen-associated
molecular patterns (PAMPs). The antifouling properties of the
commonly used dilutant MCH are compared against those of
the zwitterionic sulfobetaine (DPS), with DPS modified elec-
trodes showing superior performance. EIS of a TLR4 sensor
fabricated using an MUA-DPS SAM showed negligible matrix
effect when tested with LPS spiked human plasma samples,
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demonstrating its potential applicability in real biological
fluids.

We also report the development of an electrochemical TLR9-
based bacterial DNA (CpG ODN) sensor using an MUA-DPS SAM
modified gold electrode, yielding a dynamic range that covers
clinically relevant concentrations of bacterial DNA known to
cause the induction of innate immune response.***® It is re-
ported that bacterial DNA activates TLR9 in a concentration
dependent manner; for example, 10-100 ug mL " E. coli DNA is
needed to activate TLR9 in humans while >30 pg mL ™" E. fae-
calis DNA is effective in activating the protein.’® There exists
only one prior report on the development of a TLR9 bacterial
sensor, where the sensor fabrication took more than 60 h
yielding a narrow dynamic range of 5-20 pg mL~' CpG ODN."
The rapid assembly, excellent antifouling properties and selec-
tivity of the sensors reported here along with their potential for
multiplexing and integration with microfluidic devices hold
promise for future development of onsite-assembled, field-
deployable broad-spectrum pathogen detection and classifica-
tion platforms for early warning and diagnosis of pathogen
contamination in various samples.

2 Materials and methods
2.1 Materials and chemicals

11-Mercaptoundecanoic acid (MUA, 95%), 6-mercapto-1-
hexanol (MCH, 97%), ACS reagent grade potassium ferrocya-
nide trihydrate (K4[Fe(CN)s]-3H,0, =99.0%), ACS reagent grade
potassium ferricyanide (Ks[Fe(CN)]s, =99.0%), ACS reagent
grade potassium nitrate (KNOjz, =99.0%), bovine serum
albumin (BSA, >96%), phosphate buffered saline tablets (PBS),
BioUltra grade 4-morpholineethanesulfonic acid hydrate (MES,
99.5%), purum grade 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide  hydrochloride (EDC, =98%), N-hydrox-
ysuccinimide (NHS, 98.0%), ACS reagent grade ethanolamine
(=99%), lipopolysaccharide (LPS, serotype 0127: BS8), and
endotoxin-free water were obtained from Sigma-Aldrich (Oak-
ville, ON, Canada) and used as received. Anhydrous ethyl
alcohol (USP grade) was purchased from Commercial Alcohols
Inc. (Brampton, ON, Canada). Recombinant human toll-like
receptor 4-myeloid differentiation-2 (rhTLR4-MD-2) complex
(carrier-free) was purchased from R&D Systems (Minneapolis,
MN, USA). (In vivo, MD-2 protein is required for TLR4-mediated
responses to bacterial LPS; here the sensor fabricated with the
TLR4-MD-2 complex is labeled as a TLR4 sensor for simplicity.)
Human toll-like receptor 9 (TLR9) and cytosine-phosphate-
guanine oligodeoxynucleotides, CpG ODN (ODN 2006, ODN
2006 FITC, ODN 2006 control), were purchased from Invivogen
Inc. (San Diego, CA, USA). The negative control of ODN 2006
(ODN 2137) contains the GpC nucleotide, instead of CpGs, and
does not induce TLR9 activity. All biomolecules were recon-
stituted according to manufacturer recommended protocols.
Endotoxin-free water was used to prepare the respective TLR
and PAMP solutions whereas deionized ultrapure water with
a resistivity of 18.2 MQ cm was used for preparing all other
solutions. The sulfobetaine thiol 3-[(3-mercaptopropyl)
dimethylammonio]propane-1-sulfonate (CgH;oNO3S-HCI, DPS)

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Graphical representation of the fabrication of a reusable TLR biosensor on gold electrodes: (a) electrodeposition of mixed SAMs, (b)
EDC/NHS activation, (c) TLR attachment, (d) deactivation by ethanolamine, (e) TLR sensor exposed to the target analyte (PAMPs), and (f) dis-
assembling of the sensor and electrode cleaning. A photograph of the Au working electrode is also shown on the top left corner of the scheme; (i)

is a circular WE with an area of 0.28 cm?

was synthesized in-house following a published protocol for
a similar compound® and characterized by "H NMR. Details of
the synthesis steps and NMR characterization are given in ESI
Scheme S1 and Fig S1.1 'H NMR spectra were recorded with
a Varian 600 MHz spectrometer. Chemical shifts are reported in
parts per million (ppm, 3 unit), while coupling constants are
reported in Hertz (Hz).

Deionized (DI) water with a resistivity of 18 MQ cm (Milli-Q
UV Plus Ultra-Pure Millipore System) was used to prepare
buffers (10 mM phosphate buffered saline, PBS, pH 7.4), 50 mM
Tris buffer (pH 8.5) and 10 mM MES buffer (pH 5.5) as well as
for rinsing electrodes. Note: Proper PPE (such as safety glasses,
gloves and laboratory coats) must be worn during sample
preparation, sensor fabrication and conducting experiments.
Human plasma samples should be handled in an approved
biosafety level facility. Platelet removed human plasma was
obtained from the Research Division of the Canadian Blood
Services and kept at —80 °C until being used. In accordance with
the Canadian Blood Services policy, samples had been pooled to
preserve donor anonymity and donors had provided consent.
Ethical approval for the use of human blood was provided from
the National Research Council Canada (reference number 2008-
40) and the University of Alberta (reference number
MS9_Pro0002363).

2.2 Electrode fabrication and TLR sensor preparation

Gold electrodes were fabricated at the University of Alberta
NanoFab (Edmonton, AB) using a previously reported proce-
dure.*® Briefly, 100 nm gold and 15 nm titanium were sputtered
on piranha (conc. H,SO,:H,0,, 3:1 ratio) cleaned glass

This journal is © The Royal Society of Chemistry 2024

, (i) a Kapton tape used to isolate the WE from the contact Au wire, and (iii) a gold contact pad.

microscope slides (Fisherfinest™ Premium, Fisher Scientific,
Ottawa, ON, Canada) using an electron beam evaporator (Kurt J.
Lesker Co., Clairton, PA) at a base pressure of 1 x 10~ ° Torr and
a metal shadow mask to define the working electrode (WE) area
(0.28 cm?). An optical image of the fabricated electrode is shown
in Scheme 1.

The major fabrication steps followed in the preparation of
the TLR biosensors are shown in Scheme 1. Au electrodes were
first rinsed with ethanol, dried with Ar and electrochemically
cleaned in 0.5 M H,SO, by cycling between —0.2 V and +1.5 V
(vs. Ag/AgCI) at 100 mV s~ * until the CV signal was stable (~10
cycles). Electrodeposition of mixed SAMs on clean gold elec-
trodes was then performed by applying +0.5 V vs. Ag/AgCl for 5
minutes using a 20 mL mixed thiol solution containing MUA-
MCH or MUA-DPS (in a 1: 3 ratio with a total thiol concentra-
tion of 10 mM) and 0.1 M LiClO, as the supporting electrolyte.
Anhydrous ethanol was used as the solvent for MUA-MCH SAMs
whereas a 50/50 (v/v%) ethanol/water mixture was used for
MUA-DPS SAMs; a mixture of water and ethanol was used in the
MUA-DPS self-assembly due to the low solubility of DPS in pure
ethanol. After electrodeposition, the SAM modified electrodes
were thoroughly washed with their respective solvents, gently
dried with a stream of Ar and immersed in a solution of 50 mM
EDC and 50 mM NHS, prepared in 100 mM MES buffer (pH 5.0)
for 30 minutes to activate the carboxyl groups of MUA. The
modified electrodes were then incubated with 200 pL of 5 pg
mL ™" TLR4, prepared in 10 mM PBS (pH 7.4) or 2 pg mL " TLR9
prepared in 10 mM MES buffer (pH = 5.5) overnight at 4 °C to
produce the two different sensor types. The two TLRs were
prepared under different buffer conditions since these buffer

Anal. Methodss, 2024, 16, 7021-7032 | 7023
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pHs were reported to be optimal for their interaction with their
respective ligands. The interaction of TLR9 with bacterial DNA
is reported to be optimal at slightly acidic pH (pH 5.5)** while
the interaction of TLR4 with LPS is reported in pH 7.4
buffer."**** The TLR modified sensors were then rinsed with
either PBS or MES buffers and subsequently exposed to 1 M
ethanolamine (prepared in 50 mM Tris buffer, pH 8.5) for 10
minutes to deactivate any unreacted NHS esters. The sensors
were then washed with endotoxin-free water and dried with
a gentle stream of Ar gas. Finally, the TLR sensors were tested
for non-specific adsorption by incubating with 1 mg mL ™" BSA
(in PBS buffer, pH 7.4) for 30 minutes. TLR biosensors with
MUA-DPS mixed SAMs did not show any significant change in
electrochemical impedance behavior (ie. change transfer
resistance, Rcy) after BSA exposure, and this mixed thiol
composition was selected to fabricate the two TLR sensors. The
sensors were incubated with an aliquot of 200 pL of their
respective ligands for 30 minutes; LPS (prepared in 10 mM PBS
buffer pH 7.4) for the TLR4 sensor and CpG ODN (prepared in
10 mM MES buffer pH 5.5) for the TLR9 sensor. The sensors
were then thoroughly rinsed with their respective buffer solu-
tions, and gently dried with a stream of Ar before electro-
chemical measurements.

The sensor fabrication steps were characterized by cyclic
voltammetry (CV), EIS, X-ray photoelectron spectroscopy (XPS,
AXIS 165 Spectrometer, Kratos Analytical Inc., Spring Valley, NY,
USA) and fluorescence microscopy (Olympus IX81, Tokyo,
Japan).

2.3 Electrochemistry

Electrochemical measurements. Electrochemical measure-
ments were performed using a Gamry Reference 600™
potentiostat/galvanostat (Gamry Instruments Inc., Warminster,
PA, USA). A three-electrode system consisting of a platinum coil
counter electrode, a Ag/AgCl (3 M NaCl saturated with AgCl)
reference electrode (BASi, West Lafayette, IN, USA) and a TLR
modified gold working electrode were used in a 20 mL electro-
chemical cell. The redox couple was 1 mM K,[Fe(CN)y]/
K;3[Fe(CN)g] (1 : 1 ratio) prepared either in 0.1 M PBS (pH = 7.4)
or in 0.1 M KNO;, and was purged with Ar gas to remove dis-
solved oxygen prior to measurements. For CV experiments, the
scan rate was 100 mV s~ . EIS measurements were performed at
open-circuit potential (vs. Ag/AgCl) over a frequency range of
0.1 Hz to 100 kHz with an AC pulse amplitude of 10 mV. The EIS
data was fitted to a Randles equivalent circuit (shown as an inset
in Fig. 2b) using a Gamry Echem Analyst software to obtain the
value of circuit components. The difference in charge transfer
resistance (Rcr) across the sensor's surfaces was used to
construct calibration plots for LPS and CpG ODN. Flagellin
(from Salmonella typhimurium) and ODN 2006 (containing GpC
dinucleotide instead of CpG) were used as negative controls for
the TLR4 and TLR9 sensors, respectively. Linear sweep vol-
tammetry of the mixed thiol modified Au electrode was con-
ducted using 0.1 M KNO; at a scan rate of 100 mV s '
Regeneration of the working Au electrode was achieved by
electrochemical reductive desorption of the SAM layers using an
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applied potential of —1.1 V vs. Ag/AgCl to the modified Au
electrode for 3 min as described in our previous reports.***°

2.4 Electrochemical quartz crystal microbalance

Electrochemical quartz-crystal microbalance (eQCM) measure-
ments were performed using a Gamry EQCM 10M instrument
with a polyetheretherketone (PEEK) static cell on 5 MHz gold-
coated quartz crystals. Before SAM formation, the gold-coated
QCM crystals were cleaned with freshly prepared piranha
solution for a short time (30 s) followed by rinsing with copious
amount of deionized water and drying in Ar. Electrochemical
measurements were performed after getting a stable baseline
for the QCM in 10 mM PBS buffer (pH 7.4). While continuously
monitoring the QCM response, a 250 pL solution of TLR4 in PBS
buffer was added to the cell to get a final solution concentration
of TLR4 of 5 ug mL .

2.5 Fluorescence microscopy

TLR9/MUA-DPS/Au sensors were exposed to fluorophore tagged
CpG ODN (ODN-FITC), prepared in 10 mM MES buffer (pH =
5.5), for 1 hour. The electrodes were then washed with MES
buffer, endotoxin-free water and dried in a gentle stream of Ar.
Control experiments were also conducted by incubating an
MUA-DPS/Au electrode with ODN-FITC and a TLR9/MUA-DPS/
Au electrode with a blank sample, i.e. MES buffer. Fluores-
cence measurements were performed with an Olympus
IX81confocal microscope and analyzed using cellSense imaging
software.

3 Results and discussion

The preparation of mixed thiol SAMs for biosensor fabrication
is typically carried out in two steps; first, a SAM of a long chain
thiol is self-assembled on an electrode surface to covalently
graft the biorecognition element, followed by backfilling with
a short chain thiol blocking monolayer to fill up pinholes.”® A
one-step co-adsorption of a mixture of thiols to form mixed thiol
SAMs is also recognized as an effective method in biosensor
fabrication.*>** In this work, we followed the latter approach to
tailor the molecular architecture layer. Scheme 1 shows the
steps followed to fabricate the self-assembled TLR-based
sensors. Two different approaches of forming co-adsorbed
mixed thiol SAMs on Au electrodes were investigated and
compared: self-assembly via passive incubation and potential-
assisted deposition.

3.1 Self-assembly of mixed thiol SAMs by passive incubation

Clean, bare Au electrodes were first immersed in ethanolic
solutions of MUA and MCH for 18 hours to create mixed thiol
SAMs (MUA-MCH/Au). The mole ratio of the thiols ranged from
10-100% MUA and the total thiol concentration remained
constant at 10 mM. The quality of the resulting SAM layers was
examined using EIS in the presence of an [Fe(CN)s]>*~ redox
probe. ESI Fig. S2at shows the Nyquist plots of a bare Au elec-
trode, and Au electrodes after modification with different mole
ratios of MUA and MCH forming MUA-MCH/Au surfaces. The

This journal is © The Royal Society of Chemistry 2024
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diameter of the semicircles of the curve, which is a measure of
the charge transfer resistance (R¢r), increased with increasing
the mole ratio of MUA. These results indicate that thicker SAMs
(i.e. greater average chain length) exhibited greater resistance
and are consistent with a previous work on Rcr vs. hydrocarbon
chain length.** Following activation with EDC/NHS chemistry,
the SAM modified electrodes were conjugated with TLR4 and
the resulting surfaces’ EIS was monitored using [Fe(CN)s[>~*".
Attachment of TLR4 to the mixed thiol SAMs resulted in further
increase of Rcr through the electrode surface. The fractional
increase in ARcr, shown in ESI Fig. S2b,t indicated that there
were competing effects within the results. A greater amount of
MUA resulted in more activation/attachment sites for TLR4 (10/
90 vs. 50/50) while the longer-chain MUA molecule imparted
greater overall Rcr to the SAM making it less responsive to the
mass effects of the TLR4 biorecognition molecule (viz. 50/50 vs.
100/0). The thiol mixture of 25/75 provided the highest
percentage response to covalent attachment of the TLR4 and
was selected as the working ratio for subsequent studies. Since
the longer chain thiol (MUA) is used to anchor the bio-
recognition element to the electrode surface and the shorter
thiol (MCH) acts as a spacer tuning the distance among
contiguous MUA molecules, this molar ratio should have
provided the right steric environment for the optimal amount of
TLR4 immobilized on MUA. At the lower molar ratio of 10 : 90,
there may not be enough MUA on the Au surface to immobilize
sufficient amount of TLR4. These results are consistent with
previous studies with mixed MUA-MCH SAMs and immuno-
globin used as the biorecognition molecules.***

3.2 Potential-assisted assembly of mixed thiol SAMs

Based on the above data (ESI Fig. S2bt), two separate mixed
thiol (MUA-MCH and MUA-DPS) modified electrodes were
prepared using the potential-assisted SAM deposition method
described in the experimental section. The long chain MUA
content was 25% by mole and the two shorter length thiols,
MCH or DPS, were used as complementary thiols (75% by
mole). The molar ratio of MCH and DPS with respect to MUA
was kept the same in order to compare the antifouling proper-
ties of the short thiols when used at the same concentrations.
ESI Fig. S37 shows the open circuit potential of a Au electrode
initially decreased (cathodic shift) from ~50 mV to —200 mV (vs.
Ag/AgCl) upon addition of the mixed thiol, indicating charge
transfer from the mixed thiol to the Au electrode leading to Au-S
bond formation.***” The slow rise in potential from —200 mV to
—50 mV over the next 4 hours is in agreement with the slow
kinetics of the chemisorption of thiols under the commonly
used open circuit potential (OCP) SAM deposition condi-
tions.”®*” Studies have shown that chemisorption of thiols on
Au electrodes can be considered an oxidative process and
applications of potentials greater than OCP can enhance the
rate of adsorption of thiols, and generate better quality
SAMs.>**” For potential-assisted deposition of mixed thiol
SAMs, Au electrodes were submerged in mixed thiol solutions
and biased to anodic potentials that are greater than open-
circuit potentials (0.3-0.7 V) for 1-10 minutes, and the quality

This journal is © The Royal Society of Chemistry 2024
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of the resulting SAM layers was assessed via CV and EIS (data
not shown). The surface coverage of SAMs deposited using an
applied potential of +0.5 V (vs. Ag/AgCl) for 5 minutes was found
to be optimal (>99% surface coverage).

Fig. 1a shows chronoamperometric deposition of mixed
thiols of MUA-MCH and MUA-DPS using a potential of +0.5 V vs.
Ag/AgCl, where the background current reached a minimum
within 5 minutes of potential application. As shown in Fig. 1b,
CV of a bare Au electrode showed a quasi-reversible redox
reaction with a peak-to-peak separation (AE,) of about ~100 mv
while that of the mixed-thiol SAM modified surfaces showed
near-complete elimination of the redox behavior at the elec-
trode surface, suggesting successful formation of compact
layers.

ESI Fig. S4f compares the Nyquist plots and CVs of
[Fe(CN)eJ>/*~ using MUA-MCH/Au and MUA-DPS/Au surfaces
(prepared via passive incubation and potential-assisted elec-
trodeposition). Table 1 compares the charge transfer resistance
and peak currents extracted from ESI Fig. S4.1 From the table, it

4 -
(a)
34
—— MUA-MCH
. —— MUA-DPS
< 2] — — blank
2
1 J
0 _\y—- - ———
0 100 200 300
Time (sec)
500 (b)
2504
fj; 0- e —4
—— MUA-MCH/Au
-250 1 —— MUA-DPS/Au
blank Au
-500 T T T T T
-02 0.0 0.2 0.4 0.6
E vs Ag/AgCl

Fig.1 (a) Chronoamperometry responses of mixed thiol deposition on
Au electrodes held at +0.5 V vs. Ag/AgClin a solution containing MUA-
MCH and MUA-DPS; (b) CVs of 1 mM [Fe(CN)el* /4~ in 0.1 M PBS, pH
7.4 using a bare Au and electrodeposited MUA-MCH and MUA-DPS
SAMs modified Au electrodes.
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Table 1 EIS, CV and surface coverage for mixed thiol SAMs on Au electrodes”

MUA-MCH MUA-DPS

EIS Cv EIS Cv

Rer (kQ) (n = 4) Ipeax (1A) Rer (kQ) (n = 4) Ipea (1A)
Bare Au 0.196 + 0.022 451 0.203 476
Passive incubation 48.3 £ 2.1 10.3 177.7 + 31.3 1.31
Potential-assisted deposition 61.9 + 1.8 3.9 182.3 + 15.9 1.07
0 by passive incubation 99.61% 97.80% 99.88% 99.76%
0 by potential-assisted deposition 99.84% 99.15% 99.90% 99.79%

% § = fractional SAM surface coverage.

is evident that the Rcr values of electrodeposited SAMs were
slightly greater than the Rcr of the same mole fraction SAMs
prepared by passive incubation. The slightly enhanced passiv-
ation of electrode surfaces under electrodeposition conditions
could be due to reduced number of defect sites. Also, the table
shows that SAMs containing the zwitterionic thiol DPS exhibi-
ted significantly greater Rcr than the non-ionic MCH, which
could be due to electrostatic repulsion between the negatively
charged redox probe and DPS. Similar observations were made
from the CV data where the peak currents of the redox probe
were reduced by ~400 times for MUA-DPS modified electrodes
and by ~100 times for the MUA-MCH modified electrodes.
From the change in Rcr and peak current values shown in Table
1, we calculated the fractional surface coverage () of the elec-
trodes by mixed thiol SAMs to be >98% [0 = 1 — (I5*™/I5*) =1 —
(RP2T/R¥AM) where I, and Rcr have their usual meanings]. From
these data, it is apparent that the rapid potential-assisted
deposition of SAMs (5 minutes, +0.5 V) provides insulating
layers on Au electrodes that are comparable to passive incuba-
tion (18 hours) - a decrease in SAM formation time by >200-fold.
In fact, the potential-assisted SAM deposition method showed
superior reproducibility compared to the passive incubation
method, as evidenced in the lower coefficient of variance
(relative standard deviation, n = 3) of the measured R¢y values:
2.9% and 4.3% for MUA-MCH/Au vs. 8.7% and 17.6% for MUA-
DPS/Au.

We also conducted linear sweep voltammetry (LSV) for
reductive desorption of electrodeposited MUA-DPS/Au and
MUA-MCH/Au SAMs to obtain quantitative information about
surface coverage by the SAM layers (ESI Fig. S51). The reductive
desorption peak potentials observed at ~—0.91 V and ~—0.93 V
for the MUA-DPS and MUA-MCH SAMs, respectively, suggest
that homogeneously mixed SAMs were obtained using
potential-assisted deposition of the mixed thiols prepared in
the solvents used in this work at room temperature. Integrating
the charges associated with the reductive currents of the mixed
thiol SAMs gave average values (n = 3) of 61.79 & 9.13 uC cm >
and 68.85 =+ 9.01 pC cm > for the MUA-DPS/Au and MUA-MCH/
Au electrodes, respectively, with thiol surface coverages of (6.4 &
0.95) x 107'° mol em 2 and (7.13 £ 0.93) x 10" *° mol cm 2.
These values are similar to typical literature reported values for
compact SAM structures.***® A control LSV experiment for a bare
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Au electrode, ESI Fig. S5,1 showed a cathodic peak at a reductive
potential <—1.1 V, which is ascribed to the evolution of H, gas.

XPS analysis was also used to further characterize the
deposition of mixed thiol SAMs on Au surfaces. High resolution
XPS spectra for MUA-MCH/Au and MUA-DPS/Au surfaces are
shown in ESI Fig. S6.1 The spectra show similar features in both
passive incubation and potential-assisted deposition prepara-
tions, each displaying a broad XPS signal at ~162 eV, indicating
thiols bound to the Au surface. The S, signal was fitted with
a doublet peak at 162.0 eV and 163.5 eV, which are characteristic
of S,p32 and S,pq/, peaks associated with the Au-thiol bond.
There were minimal contributions from unbound thiols as
evidenced by the small doublets seen above 163 eV. In addition,
the prominent peak at ~168 eV for the MUA-DPS/Au spectra was
assigned to the SO;>~ residue of sulfobetaine.” For the MUA-
MCH/Au samples, the weak signals observed above 166 eV are
assigned to oxidized sulphur species as these samples were
stored under ambient conditions over two weeks prior to XPS
analysis. These XPS spectra are consistent with the EIS and CV
experiments whereby rapid potential-assisted SAM formation
provides high quality thiol layers for electrochemical sensor
fabrication.

3.3 Characterization of TLR biosensors

Prior to assembling the TLR sensors on the mixed thiol SAM
modified Au electrodes, we evaluated the antifouling properties
of electrodeposited/MUA-DPS/Au and MUA-MCH/Au surfaces
using BSA as a model protein. ESI Fig. 71 shows the change in
EIS responses of TLR4 biosensors (TLR4/MUA-MCH/Au and
TLR4/MUA-DPS/Au electrodes) exposed to a freshly prepared
1 mg mL~" BSA solution for 1 h. After BSA exposure, the %ARcr
of the TLR4/MUA-MCH/Au surface increased by 20.3 + 1.3% (n
= 4), whereas the TLR sensor constructed on MUA-DPS/Au
exhibited a %ARcy of only 1.6 &+ 1.0 % (rn = 4), showing supe-
rior anti-fouling properties of the zwitterionic DPS. This is
consistent with literature reports of ultralow-fouling properties
of other zwitterionic sulfobetaine compounds in biosensor
fabrication.****** Thus, electrochemically deposited MUA-DPS
SAMs on Au electrodes were used to construct the TLR
sensors below.

Fig. 2a shows the CVs of the major steps in Scheme 1 for the
TLR4 sensor preparation on the MUA-DPS/Au electrode. The

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Cyclic voltammograms (a) and Nyquist plots (b) of the Au
electrode following the steps in TLR sensor fabrication using 1 mM
[Fe(CN)6l®~/*~ prepared in PBS buffer (pH = 7.4). Inset in (b) also shows
the Randles equivalent circuit used for all fits. R is the solution resis-
tance; Cq, is the electrode double layer capacitance; Z,, is the Warburg
impedance and Rct is the charge transfer resistance at the electrode
interface.

bare Au electrode shows the distinctive redox peaks of
[Fe(CN)e]>*~ similar to Fig. 1b. Electrodeposition of the MUA-
DPS SAM provided almost complete elimination of the redox
reaction on the electrode surfaces. Subsequent covalent
attachments of TLR4 and its target analyte (LPS) induced
negligible decrease to the redox reaction on the already
passivated surface. The corresponding Nyquist plot of the
various modified surfaces is shown in Fig. 2b; the inset in
Fig. 2b shows the Randles equivalent circuit** to which the
impedance data were fitted to obtain the circuit element values
of the modified electrodes shown in Table 2. The quality of the
data fit to the equivalent circuit was weighed by a goodness of fit
value of <0.002. The Nyquist plot of a bare Au electrode showed

Table 2 Evaluation of parameters from the Nyquist plot in Fig. 2b
using the Randles equivalent circuit model on a Au electrode

Electrode surface R (Q) Rer(kQ) Caq (WF) W (S-s'?)

Au 90.18 0.155 10.03 7.32 x 1072
MUA-DPS/Au 95.84 174.9 1.361 1.77 x 107°
TLR4/MUA-DPS/Au 89.60 193.4 1.296 2.13 x 107°
LPS/TLR4/MUA-DPS/Au  94.49 215.8 1.220 1.96 x 107°
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an almost straight 45° line with a calculated Rcr of 155 Q and an
electrical double layer capacitance (Cgq;) of 10.03 uF, which stem
from the Warburg impedance and imply a diffusion limited
electrochemical process. The Nyquist plot of MUA-DPS/Au
shows a well-defined semicircle with an Rcr of 174.9 kQ and
Cq of 1.361 pF. The significant increase in Rcr and decrease in
Cgq; of the MUA-DPS/Au vs. the bare Au electrode confirmed the
potential-assisted assembly of MUA-DPS on the Au electrode,
which inhibited the diffusion of the redox probe to the electrode
surface and increased the double layer thickness. Subsequent
attachment of the TLR and LPS layers resulted in a noticeable
increase in Rcr and a decrease in Cgqj, indicating the successful
fabrication of the TLR4 sensor on the electrodeposited MUA-
DPS/Au surface.

Both MUA-DPS/Au and TLR4/MUA-DPS/Au electrode
surfaces were characterized by XPS to confirm the attachment of
the protein to the SAM layer. As shown in ESI Fig. S8, the MUA-
DPS layer exhibited a N 1s peak at 402 eV due to the quaternary
ammonium group in DPS. Upon binding with the TLR,
a broad N 1s peak at 400 eV was detected which is assigned to
peptide bonds.* The broad C 1s peaks at 286-290 eV were
assigned to the protein's amine groups (C-NH, 286.6 eV),
peptide bonds (C=0-NH, 288.2 eV) and carboxylic groups (C-
007, 289.0 eV), confirming the immobilization of TLR mole-
cules on the SAM modified electrode surface.

The binding and surface coverage of TLR on the MUA-DPS/
Au electrode were also determined using QCM as described in
the Methods section. The response of the QCM to the covalent
attachment of TLR4 during a 4 hour incubation is shown in
Fig. 3. Prior to adding the TLR4 solution, the static QCM cell
was equilibrated with PBS buffer and a stable baseline with a Af
of £0.76 Hz for 180 seconds was recorded. While continuously
monitoring the QCM response, a 250 pL solution of TLR4 (in
PBS buffer) was added to the cell to obtain a final solution
concentration of TLR4 of 5 ug mL™". After TLR4 addition, the
resonance frequency decreased indicating binding of TLR4 on

TLR4
50 qaddition 100 uL PBS (blank) 550 1. PBS (blank)
addition addition
0+ . (b)

N
L -50-
Y—
<

-100 @

-150 T T o y

0 60 120 180 240
Time (min)

Fig.3 QCM response showing (a) TLR4 binding on a MUA-DPS mixed
thiol modified Au electrode equilibrated in PBS (pH = 7.4) buffer, and
(b) control experiments using a clean Au QCM electrode kept in the
static cell with PBS (pH = 7.4) solution after the addition of 100 puL and
250 uL PBS buffer.
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the mixed thiol SAM surface, and reached a plateau with a net
frequency change of 123 Hz after ~4 hours. Control experi-
ments with adding PBS buffer alone showed negligible change
in Af (Fig. 3). Using the Sauerbrey equation* and the net
frequency change observed after TLR4 addition, we calculated
the mass of the TLR4/MD2 complex on the MUA-DPS/Au surface
to be 1705 ng cm 2. For a predicted total molecular mass of 89.8
kDa for the TLR4/MD2 complex, this frequency change corre-
sponds to a surface concentration of 0.19 x 10~ '° mol cm™ > or
1.14 x 10" molecules per cm?. This value is similar to what has
been reported for proteins immobilized on thiol modified gold
electrodes.>"

3.4 TLR4 biosensor for detection of LPS

LPS, which is a cell wall component of Gram-negative bacteria,
is a serologically reactive bacterial toxin with a lethal dose in
humans as low as 1 to 2 ug,*® and monitoring its content in
various samples including biofluids, food, air, water and soil is
important for epidemiology, the environment, and disease
control and treatment.> The EIS signal of the TLR4 sensor was
determined for a range of concentrations of LPS (10-1000 ng
mL ") and is shown in Fig. 4a. Each data point represents an
average of 3 sensors prepared and processed in parallel. The
semilogarithmic plot shows linearity over two orders of
magnitude. The theoretical limit of detection (LOD) was esti-
mated to be 4 ng mL™, estimated as the mean baseline
response (%ARcr for blank) plus three times the standard
deviation of the blank. The LOD achieved in this work is
superior to what has been reported for EIS detection of LPS
using TLR4 on a planar Au electrode (WE 0.02 ¢cm?, LOD 35 ng
mL"),” and is comparable to those using planar Au electrodes
(WE 0.5 cm? LOD 1 ng mL~")** and nanoporous ITO electrodes
(LOD 2 ng mL™'),** and is within the toxicologically relevant
concentration of LPS.**** Amini et al.** and Mayall et al.*® re-
ported LODs of ~1.3 x 10~* EU mL ™" (approximately 2.6 x 107>
ng mL ") for lysed E. Coli and lysed Salmonella typhimurium,
respectively, using larger planar Au electrodes (WE 0.5 cm?) and
signal amplification techniques; however the dynamic ranges of
these sensors are limited to ~5 EU mL ™" (approximately 1 ng
mL ™). The response of our sensor to a non-analyte (flagellin
protein from Salmonella typhimurium, 10 and 1000 ng mL™"),
noted in red squares, showed a minor increase in background
signal which was not concentration dependent within experi-
mental error, demonstrating the selectivity of the sensor.

The TLR4 sensor was also challenged with samples of LPS
(1000 ng mL™") spiked into human blood plasma samples as
shown in Fig. 4b. The presence of plasma modified the signal by
~15% compared to LPS in buffer alone. These results demon-
strate the zwitterionic antifouling component, DPS, is effective
in minimizing non-specific adsorption of biofoulants on the
TLR4 biosensor, enabling LPS detection in human blood
plasma samples. This demonstrates the robustness of such
sensors for the determination of target analytes in real world
samples.

We also studied the shelf-life stability of parallelly prepared
TLR4/MUA-DPS/Au sensors and stored in PBS buffer (pH 7.4) at
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Fig. 4 (a) Dose-response curve of TLR4/MUA-DPS/Au towards LPS.
Response of the sensor towards control samples (10 and 1000 ng
mL~ flagellin from Salmonella typhimurium) is shown with red circles;
(b) the response of the TLR4 sensor (TLR4/MUA-DPS/Au) for 1000 ng
mL ™1 LPS spiked pooled human blood plasma samples. The data points
and error bars represent the mean and standard deviation of three
independent sensors fabricated and processed in parallel.

4 °C for 3 weeks. ESI Fig. S91 shows that TLR4 sensors exposed
to 1000 ng mL ™" LPS retained ~80% of their initial response
after 7 days of storage, but displayed only ~50% of their initial
response after 21 days of storage. The deterioration of the
sensor performance after storage for extended time is possibly
due to slow degradation of the SAM layer causing loss of TLR4
from the sensor electrode and/or reduced binding affinity of the
TLR4 protein to its ligand, LPS, upon storage. She et al.'> noted
a similar decrease in sensor response for TLR5 biosensors
stored in PBS (pH 7.4) buffer at 4 °C for up to 14 days, which the
authors ascribed to slow dissociation of TLR5 protein from the
sensor surface. Despite the challenges with the long-term
stability of alkanethiol-based sensors, they remain some of
the most studied interfacial materials in sensor development.®®
The storage stability of proteins (immunosensors) in the layers
of SAMs is also affected by the microenvironment they are in,
limiting their storage stability to days under refrigeration and
wet conditions.”” Hence, the rapid and facile sensor fabrication
method reported in this work could be beneficial for onsite and
on-demand sensor fabrication, when sensors cannot be

This journal is © The Royal Society of Chemistry 2024
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fabricated beforehand and stored. In recent reports, Mayall
et al.>® and Singh et al.™ have shown that biosensors fabricated
via passive incubation of electrodes using N-heterocyclic car-
benes (NHC) as linker molecules rendered extended storage
stability (up to 4 weeks) in buffer at 4 °C, without losing
significant sensor performance. Similar storage stability (4
weeks) was also reported for TLR4 sensors using glutaraldehyde
as a linker molecule on carbon nanotube modified electrodes.*®
The authors attributed the improved storage stability of their
biosensors to the robustness and stability of NHC SAMs and
glutaraldehyde when stored in buffers at 4 °C.

3.5 Detection of CpG ODN by TLR9 biosensors

The binding of CpG ODN on the TLR9/MUA-DPS/Au electrode
was first assessed via fluorescence microscopy using a fluores-
cein isothiocyanate (FITC) tagged CpG ODN. Negative control
experiments, i.e., without TLR9 or FITC CPG ODN exposure,
were also designed and conducted under the same conditions.
Fig. 5a and b show the fluorescence microscopy images of TLR9/
MUA-DPS/Au sensors exposed to 10 and 50 pg mL~ ' FITC-CPG
ODN, respectively, displaying green fluorescence responses
whereas the control samples (Fig. 5¢ and d) do not show any
fluorescence signals. These results confirm the binding of TLR9
with CpG ODN under the experimental conditions described in
the Methods section.

The performance of the TLR9/MUA-DPS/Au electrode was
then determined against varying concentrations of the target
CpG ODN (10-350 pg mL™') via EIS. The TLR9-CpG ODN
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interactions were performed at pH 5.5 in MES buffer since the
receptor-ligand binding favours slightly acidic conditions.®*
(Similarly, the EIS measurements were performed with 1 mM
Fe(CN),> /*~ prepared in 0.1 M KNOj;, instead of the slightly
alkaline PBS that we used for the TLR4 sensor characterization.)
The resulting Nyquist plot shown in Fig. 6a displays an increase
in the diameter of the semicircles as the concentration of ODN
increased, implying a higher amount of the analyte was bound
to the TLR9 sensor. The values of %ARqr of the sensor are
plotted as a dose response curve in Fig. 6b (black diamond),
showing a logarithmic linear relationship in the clinically rele-
vant CpG ODN concentration range.*** Each data point is an
average of three independent sensors prepared and processed
in parallel, with the error bars showing the standard deviations
of the measurements. The theoretical LOD was calculated to be
7 ug mL ™, calculated as 36pjank plus %ARcr blank. While the
LOD of our sensor is similar to that of the only literature re-
ported TLR9 CpG ODN impedimetric sensor (5 ug mL™"),"” the
dynamic range is superior (<20 pg mL " reported in ref. 17). The
class specificity of the sensor was also examined using two
different non-target materials (a non-binding ODN and LPS) as
negative controls. Fig. 6b (open star and triangle) shows the
sensor exhibits negligible response to the negative controls,
demonstrating the high selectivity of the sensor.

Electrode reusability can be a desired attribute when devel-
oping practical sensors that require time consuming electrode
fabrication procedures. In this work, we employed our previ-
ously reported electrochemical reductive desorption technique

Fig. 5 Fluorescence microscopy images (magnification 10x) of the TLR9/MUA-DPS/Au sensor exposed to (a) 10 pg mL™ FITC CpG-ODN and
(b) 50 pg ML~ FITC CpG-ODN. (c) A control experiment where an MUA-DPS/Au electrode incubated with 50 ug mL™ FITC CpG-ODN and (d)
TLR9/MUA-DPS/Au sensor incubated with buffer alone. Scale bars represent 100 pm.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Nyquist plot of the TLR9/MUA-DPS/Au sensor after 30
minute incubation with various concentrations of CpG ODN. The
amount of CpG ODN (ug mL™) used to generate each EIS data point is
indicated in the plot; (b) calibration plot of %ARct of the TLR9O
biosensor as a function of logarithm of CpG ODN concentration. Data
points and error bars represent the mean and standard deviation of
three independent sensors fabricated and processed in parallel.

to repeatedly desorb and self-assemble the TLR sensors.’®*
Previously, we have shown that an electrochemical desorption
technique can be used to rebuild aptasensors and immuno-
sensors, using passively self-assembled 1,6-hexanedithiol as
a linker molecule, up to 30 times on the same Au electrode
without losing sensor performance.***’ Using a similar strategy,
we used a single Au WE at least 5 times to desorb and rebuild
TLR9 sensors. ESI Fig. S10+ compares CV and EIS of [Fe(CN),]*~/
4~ using freshly fabricated and regenerated Au electrodes. After
5 cycles of TLR9 sensor assembly and desorption over several
days, regenerated Au electrodes retained >96% of both their
initial current and total charge. The EIS data is also in agree-
ment with the CV observation whereby the impedance spectrum
of the regenerated electrode is similar to that of the freshly
prepared Au electrode (RSD of Rey = 3.5%, n = 5).

4 Conclusions

The work presented herein demonstrates rapid and facile
fabrication of TLR biosensors using potential-assisted self-
assembly of mixed thiols for EIS detection of microbial path-
ogen components. Compared to passive incubation of mixed
alkanethiols, application of a modest anodic potential to gold
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electrodes facilitated the chemisorption of thiols for SAM
formation, reducing the sensor fabrication time by more than
200-fiold. A SAM of a binary mixture of MUA and an in-house
synthesized zwitterionic thiol, DPS, demonstrated superior
antifouling performance compared to the commonly used
binary mixture of MUA and MCH at an equal molar ratio.
Different MUA-DPS/Au electrodes were modified with TLR4 and
TLR9 proteins and used for sensitive EIS detection of LPS and
CpG ODN, respectively, over a broad range of concentrations
(>10%) with low detection limits (4 ng mL~" for TLR4-LPS and 7
pg mL ™" for TLR9-CPG ODN). The low limits of detection and
short sensor fabrication time presented in this work compare
favorably (5 minutes for SAM formation) with other reports of
TLR-based EIS sensors, where SAM formation alone typically
required in excess of 48 hours. The response of a TLR4/MUA-
DPS/Au sensor for LPS in the presence of up to 33% human
blood plasma was not significantly affected by the matrix,
indicating the sensor can be used in real-world sample analysis.
TLR9 sensors show a promising response towards CpG ODN,
showing its potential to identify bacterial and viral DNAs.
However, like all alkanethiol-based biosensors, the TLR/MUA-
DPS/Au sensors were found to have a limited shelf-life time
when stored in a buffer at 4 °C and retained only ~50% of their
initial response after 3 weeks of storage. Thus, rapid assembly
of the sensor and reusability of the gold working electrode could
be advantageous when sensors can't be fabricated in advance
and stored for a long time. Here, we show that working Au
electrodes could be regenerated using an electrochemical
reductive desorption technique, and a single Au electrode could
be assembled with the complete sensor molecular architecture
and disassembled at least 5 times with minimal degradation in
electrochemical performance (%RSD < 8%). These results
provide significant insight towards future development of
onsite-assembled, field-deployable biosensor platforms that
could potentially be used for early warning and diagnosis of
pathogen contamination in clinical, food and environmental
samples.
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