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Pathogen detection on gold surfaces using N-heterocyclic carbenes (NHCs) functionalized with amine
tags along with an organic linker, bis(sulfosuccinimidyl)suberate sodium salt (BS®) to chemically bind toll-
like receptor 9 (TLR9) to gold electrodes, is reported here for the first time. TLRs are essential
components of the early warning system of the human innate immune response, with TLR9 being a

Received 23rd February 2024, DNA sensing receptor that specifically detects DNA viruses. To enhance sensor consistency compared

Accepted 17th April 2024 to previous literature, two distinct types of NHCs were used to minimize challenges associated with
non-specific adsorption. Gold electrodes functionalized with TLRs via NHCs have the potential to

operate as broad-spectrum biosensors, as evidenced by their ability to identify biological pathogens
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Introduction

The global threats of pandemic and epidemic outbreaks
(MERS, Ebola, Zika, SARS-1, and SARS-2 (COVID)) are on the
rise, driven by increased global mobility and global warming.
Controlling and containing these outbreaks is extremely chal-
lenging without diagnostic biosensors capable of reliable
pathogen detection.”” Detection, identification, and monitor-
ing capabilities are the key aspects of any biosensing system.

While sensing transducers such as surface plasmon reso-
nance (SPR)>* and quartz crystal microbalance (QCM)’® are
often employed with the biological recognition elements
(BRE), electrochemical methods are more convenient due to
their compact size, robustness, low power consumption,
and low cost.*” Common BREs include nucleic acids®™°
and proteins,"* ™ and their use in sensors provides accurate
detection of pathogens with great specificity and sensitivity.
However, highly optimized and single pathogen specific sen-
sors do not detect a breadth of analytes. This approach is not
suited for applications where the pathogen is unknown.

A unique class of proteins called toll-like receptors (TLRs)
are rare among BREs as they can detect various classes of
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based on alterations in resistance and pattern recognition.

biological pathogens using a pattern recognition approach,
allowing for the identification of key conserved structures
present in pathogen classes.’* For instance, TLR4 identifies
lipopolysaccharide (LPS), TLR5 recognizes flagellin, TLR7
recognizes single-stranded RNA, and TLR9 recognizes and
binds to DNA fragments belonging to a foreign DNA derived
from bacteria and viruses.">'® The utilization of a single sensor
decorated with different TLR BREs will be significant for the
identification of unknown pathogens.'”'®

The robustness of such sensors under different environ-
mental and chemical conditions, the sensitivity that can be
achieved, and the ability to store the sensors without loss of
activity are key issues for their further development.'®' Most
electrochemical BRE-on-metal sensors are typically fabricated
by employing thiol-based self-assembled monolayers (SAMs) to
link the BRE to the underlying electrode, typically gold, and
enable the translation of pathogen recognition into a readable
signal."™'” However, commonly employed thiol SAMs are
known to degrade even under ambient conditions,*” effectively
limiting their use to laboratory environments.

Recent discoveries have shown that N-heterocyclic carbenes
(NHCs) bind to metals via strong carbon-to-metal bonds,
providing a highly robust linkage to the surface.”*”>* This led
to the development of an antibody-based NHC-SAM sensor for
the measles virus (Fig. 1a), showing exceptional response and
stability.”® In 2021, we described the first example of an NHC
linked TLR-based pathogen detection system (Fig. 1b) using a
similar strategy of Michael addition as described by Workentin
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Fig. 1 Previous TLR-based biosensors based on NHC SAMs (a) for
measles detection using a bound antibody, (b) for the detection of
E. coli using TLR5, and (c) showing the new platform for surface attach-
ment of TLRO.

and co-workers on gold nanoparticles.”””*® Although effective,

the use of an NHC with a maleimide end group for immobiliza-
tion of the TLR protein moiety through Michael addition
reaction required the use of thiol nucleophiles that provided
a point of potential instability due to reversible reactions.*”*
Despite the current precedents, such as DNA hybridization,**?
nanobeads,*® or a reverse method of using DNA platform to
detect proteins,® there has not yet been a reported example of
electrochemical biosensors using organic ligand SAM technol-
ogy along with TLRs to detect DNA molecules.

Here, we report a secure and faster strategy to build TLR-
based sensors on gold surfaces (Fig. 1c), employing amide
couplings to react an amine-containing NHC with TLRY via a
homo-bifunctional crosslinker, bis(sulfosuccinimidyl)suberate
sodium salt (BS*).>® BS® is known to bind irreversibly to its
conjugate molecules and is incorporated into this sensor
design in the hopes of securely binding the NHCs and TLRs
together, resulting in a very stable sensor platform. The time
required for protein immobilization has been significantly
lowered from 72 h to 24 h as a result of this improved binding
strategy in comparison with previous reports. His-tag modifica-
tion is not needed for the new strategy, which makes this new
design simpler for a wide range of applications. Although BS®
was employed in this study, any crosslinker molecule allowing
amide couplings may theoretically be utilized with the sensor
system described in this work to tailor the monolayer thickness
without having to synthesize alternative NHC molecules.

Furthermore, we also report a new strategy for lowering the
risks of non-specific adsorption while minimizing unreacted
substrate exposure by using two distinct NHCs. The present
study shows significant improvements over prior work,>”
including its shorter synthetic route with better overall yield
as well as better sensor design and replicability. The new
molecule and sensor design also enables more selective detec-
tion of TLR9-based agonists.
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Results and discussion

The synthesis of amine tagged NHC precursor 2 builds on the
known preparation of NHC precursor 1, which has a terminal
azide group. 1 was prepared according to the published proce-
dure (Fig. 2a),”” then reduced to the desired amine (2) by a
Staudinger reaction with PPh; in refluxing THF/H,O (Fig. 1a
and ESIt).>® SAMs from NHC 2 were then formed by immersing
cleaned gold surfaces in a 10 mM methanolic solution of NHC
precursor 2 for 44 h. The NHC SAMs (2/Au) were interrogated by
cyclic voltammetry (CV) in an electrolyte solution containing
5 mM/5 mM Fe(CN)> "~ as the redox couple, as shown in
Fig. 2b. Initially, the bare gold surface shows the highest oxidation
and reduction currents with a peak separation of approximately
75 mV in 1 M NaClO,. After NHC SAM formation, the redox peaks
are notably suppressed, and the peak separation widens.

SAMs of 2 on Au were also characterized using high-
resolution X-ray photoelectron spectroscopy (XPS). As seen in
Fig. 2¢, the C 1s region indicates the presence of aliphatic
carbon along with C-N, C-O, and C—C species. The N 1s region
provides conclusive evidence for the presence of NHC on the
surface. Consistent with what has been previously reported for
NHC SAMs, the N 1s XPS region in Fig. 2d was characterized
by two peaks in an approximately 2:1 ratio at 401.3 eV and
399.5 eV, respectively, assigned to bound NHC and amine
functional groups.

Prior to the introduction of the TLR, the NHC SAM is back-
filled with NHC precursor 3 to block any gaps on the surface
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Fig. 2 (a) Synthesis of NHC 2. Reduction of azide to amine via the

Staudinger reaction. (b) Cyclic voltammograms (100 mV s~ of bare Au
and an Au surface functionalized with 2. The CV was collected using 5 mM/
5 mM Fe(CN)g>"4~ as the redox couple and 1 M NaClO, as the supporting
electrolyte. Peak-fitted-high-resolution XPS of the functionalized surface
(2/Au, left), showing the (c) C 1s and (d) N 1s regions.
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Fig. 3 (a) Schematic of the NHC biosensor construction (left). Right:

(b) cyclic voltammetry (CV), (c) square wave voltammetry (SWV), and
(d) electrochemical impedance spectroscopy (EIS) of each sensor con-
struction stage, shown on the left. All electrochemical data were collected
in a 10 mM HEPES aqueous buffer solution (pH~7.4) containing
5 mM/5 mM Fe(CN)¢>~"4~ and 0.01 M NaClO, as the supporting electrolyte.
The CVs were obtained using a scan rate of 0.1 V s and impedance results
were recorded at the open circuit potential (0.209 V vs. 3M Ag/AgCl) from
100 kHz to 0.5 Hz.

and minimize non-specific adsorption that may lead to a ““false
positive” response (Fig. 3a).>”° While we typically find that
NHC-based SAMs are dense packedi, this procedure addresses
the possibility of defects left by physisorption of NHC 2 through
the primary amine.

The modified surface was then exposed to a solution of BS®
in phosphate buffer saline (PBS) for 2 h at room temperature.
Next, we treated the surface with a PBS solution of TLR9 at 4 °C.
TLRs possess readily available primary amines found in the
amino acid residues and the N-terminus of each polypeptide
chain.*® Any remaining succinimide esters were then deacti-
vated with ethanolamine in Tris buffer for 1 h at room tem-
perature. This deactivation process, also known as the blocking
stage, prevents chemical derivatization of the sensor by the
analyte, reducing the possibility of a false positive response and
increasing the specificity of analyte interactions with the BRE.?”

After each stage of sensor modification, the surface was
examined by CV, square wave voltammetry (SWV), and electro-
chemical impedance spectroscopy (EIS) (Fig. 3). These analyses
demonstrate that the suppression of current output takes place
at each step of surface functionalization. Fig. 3d shows the
Nyquist plots for the modified gold electrodes at each stage of

i Although the direct measurement of NHC density was not carried out in this
study, prior work has estimated the coverage as ca. 3-3.5 molecules nm™2.>**>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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surface functionalization, where an increase in charge transfer
resistance (R.) was observed in each case, but the largest
increase in seen after the attachment of TLR9, with the inser-
tion of the blocker then making little difference. Creating
sensors with identical resistance baselines is a challenge asso-
ciated when employing self-assembled systems. Therefore, we
chose to employ normalized detection signals from triplicate
runs to understand biosensor reproducibility.

Biosensing experiments were performed on the resulting
TLR9 sensor, employing cytosine-phosphorothioate-guanine
oligodeoxynucleotide (CpG ODN) type B, an agonist of TLRY,
as the analyte." The increase in R.. as the concentration of CpG
increases confirmed the response of the sensor to the analyte,
which in this case is known to induce dimerization of TLR9
(Fig. 4a)."* We envision this dimerization to be enabled through
the flexibility of the alkyl chain and BS3 unit binding the TLR to
the surface. As shown in Fig. 4b, the normalized responses
(AR.%) increased as the concentration of CpG increased (16 +
4%, 25 + 6%, and 36 + 8%). Overall, the limit of detection
(LOD) of the sensor TLR9/Au was found to be 5 ug mL ', with a
p-value of 0.007, indicating a statistically significant difference
from the sensor measurement before exposure. We also tested
the performance of the sensor with CpG after its storage in PBS
solution at 4 °C for four weeks (Fig. 5a).>" The sensor showed
no loss in response compared to the freshly prepared versions
(p-value > 0.05).

Next, we compared our TLR9/Au NHC-based sensor with a
traditional thiol-based TLR9/Au sensor in which TLR9 was
immobilized to Au using 1-lipoic acid n-hydroxysuccinimide
ester SAM>' (Scheme S2, ESIt). While both the thiol and NHC
linker molecules immobilize TLR9 proteins via the same
amide-coupling reaction, the two linker molecules have signif-
icant different headgroups, SAM density and chain lengths.
After TLR9 immobilization, ethanolamine was used to deacti-
vate any of the remaining succinimide ester as a blocking stage,
same steps used to construct TLR9/Au sensor. At this stage, a
considerable drop in the impedance was detected for the
thiolate SAM, suggesting TLR9 loss from the surface. Since
thiolate-based SAMs have previously been reported for the
immobilization of related proteins, we suspect that the reduced
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Fig. 4 (a) EIS Nyquist plots for different concentrations of CpG exposure
(scatter (experimental); line (simulated)). (b) Average AR.% value for three
measurements at one electrode after exposure to different concentrations
of CpG and the average AR.% of three electrodes. The error bars
represent the standard deviation based on the three measurement repli-
cates per electrode and three electrode replicates for the average.
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Fig. 5 (a) Comparison of the normalized responses (AR %) of freshly
prepared sensor and 4-week stored sensor. (b) Comparison of AR.% of
TLR9/Au and 2/Au towards CpG at increasing concentrations and towards
different contaminants compared to the sample response to CpG. The
error bars in (a) and (b) represent the standard deviation of the values
obtained at three different sensors “TLR9/Au” and repeated measure-
ments for “2/Au, Pam3CSK4 and CL307".

time for chemisorption of TLR9 to the modified surface (24 h
vs. 72 h in prior studies®") may result in incomplete chemi-
sorption onto thiol-based SAMs. The higher end group density
typical in thiolate-SAMs may hinder complete reaction at these
shorter reaction times. Consistent with this, after treatment
with ethanolamine, the resistance (R.) of the thiol-TLR9 sur-
face returns to the value obtained prior to TLR introduction.

For the thiol-based sensor, a negligible change in the R
signal was observed after exposure to the analyte. Together with
the higher resistance of the baseline, this yielded much smaller
AR.% value of 0.2 + 6, 1 + 3, and —3 + 6% for CpG
concentrations of 5, 10, and 20 ug mL ™', respectively (Fig. S5,
ESIT). Overall, these results show that the NHC-based sensor
has superior TLR9-based sensor capabilities than traditional
thiol systems, with NHC-based SAMs requiring less optimiza-
tion to achieve comparable or improved results.**°

To verify the specificity of our NHC sensor TLR9/Au, a
control experiment was performed with 2/Au for comparison.
As shown in Fig. 5b, 2/Au produced low AR %, ranging from
5 £ 3%, 2 £ 4%, and 0.7 £ 5%, based on the three repeat
measurements. On the other hand, the TLR-containing sensor
showed a more reliable and positive response to CpG. For all of
the CpG concentrations examined, the calculated p-values were
found to be less than 0.05, indicating that the response contrast
between the sensor and 2/Au is significantly different (Table S1,
ESIt). This control study demonstrated the importance of
having TLR9 on the surface for effective recognition of CpG.

The sensor was also examined against other types of TLR
agonists to confirm its specificity. For this study, TLR1 and
TLR7’s agonists, Pam3CSK4 and CL307, were used. In all
cases, the sensor showed insignificant responses toward the
other agonists (p-value < 0.05). Additionally, these results
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demonstrated that non-specific adsorption of the other agonists
did not occur, as the R would then have increased significantly,
giving a false positive.§ This is very promising for the use of this
sensor in real-world settings for CpG-specific performance.

Experimental
Materials and methods

Reactions were performed with reagent grade solvents with the
exception of CH,Cl, and THF, which were distilled from
calcium hydride and sodium benzophenone ketyl, respectively,
under an argon atmosphere prior to use. 4-Amino-3-nitro-
phenol was purchased from Alfa Aesar, while trifluorometha-
nesulfonyl anhydride, chloroform-d, methylene chloride-d,
acetonitrile-d;, and methanol-d, were purchased from Sigma-
Aldrich. CpG oligodeoxynucleotides mouse sequence type b was
purchased from Novus Biologicals. NHC 3 was synthesized
following a previously published procedure.*

Nuclear magnetic resonance (NMR) spectroscopy. 'H, °C,
and "’F NMR spectra were recorded on Bruker instruments
(Neo-500 and Neo-700) operating at denoted spectrometer
frequency given in megahertz (MHz) at 25 °C. 1H chemical
shifts are referenced to the residual protons of the deuterated
solvents CDCl; (at 6 = 7.26 ppm) and CD;0D (at ¢ = 3.31 ppm);
13C chemical shifts are referenced to the CDCl; and CD;0D
signals at § = 77.16 and 49.00 ppm, respectively.”> "F NMR
spectra were calibrated using CFCl; (J = 0.0 ppm) as an external
reference. The following abbreviations are used to describe
NMR signals: s = singlet, d = doublet, t = triplet, q = quartet,
sept = septet, and m = multiplet. Coupling constants obtained
from "H NMR spectra are associated with an error and reported
to the first decimal point (the digital resolution in "H NMR
spectra and *C NMR is 0.11 Hz and 0.64 Hz respectively).
Assignments for newly synthesized compounds were supported
by additional NMR experiments (COSY, HSQC, and HMBC).
All data were processed using MestReNova 11.0 software.

Electrochemical experiments. All electrochemical measure-
ments were done with a CHI6055E electrochemical analyzer
potentiostat. All electrochemical experiments were performed
using a three-electrode electrochemical cell with a 2 mm dia-
meter gold disk working electrode, Ag/AgCl in 3 M KCl refer-
ence electrode, and a platinum wire as the counter/auxiliary
electrode. A salt bridge was used to allow the free flow of ions
from one cell to the other. The salt bridge was built using a
4 mm glass rod filled with a heated 2% agar solution in 1 M
KNO; (w v') and was stored in 1 M KNO; solution. All
electrochemical data were processed with ZSimpWin and Ori-
ginPro 2016 software. Impedance measurements were all made
at the open circuit potential in 5 mM/5 mM Fe(CN)g> /%~
solution, using a 5 mV ac amplitude and scanning the
frequency from 100 kHz to 0.5 Hz.

§ Negative ARct% value means the sensor baseline Ret was reduced possible due
to some non-specific interactions. However, statistical test shows that the
changes triggered by the agonists (control) are statistically insignificant with
p-value < 0.05.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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X-ray photoelectron spectroscopy (XPS). XPS spectra were
recorded on a Kratos Nova AXIS spectrometer equipped with an
AIN X-ray source and an MCP stack as well as a delay-line
detector. The samples were mounted on an aluminium sample
holder using double-sided adhesive copper tape and kept under
high vacuum (10~ torr) overnight before analysis. Spectra were
collected using Al K, radiation at 1486.69 eV (150 W, 15 kV)
with a 10 mA emission current, a coaxial low energy electron
source for charge neutralization, and a delay-line detector
containing three multichannel plates. The acquisition was
done using ESCape software and the data were processed in
CasaXPS and MATLAB. The binding energies were charge
corrected to Au 4f;), at 84 eV using gold samples. Shirley type
background correction was applied to all high-resolution
spectra.

Synthetic procedures

The key compound 1 was synthesized following the published
procedure (Scheme S1, ESIt).>”

General procedure for synthesis of NHC 2. PPh; (0.276 g,
1.05 mmol) and compound 1 (0.260 g, 0.526 mmol) were
dissolved in a mixture of THF/H,O (10/1, 11 mL). The resulting
clear orange solution was refluxed in argon atmosphere for
20 h. After that, the reaction mixture was cooled down to r.t.
and volatiles were removed under reduced pressure. A cloudy
orange oil was obtained which was then dissolved in minimum
volume of CH,Cl, and triturated in hexanes (3 x 10 mL) and
Et,0O (3 x 10 mL), consecutively. The resulting clear red oil was
dissolved again in a minimum volume of CH,Cl,, passed
through a short Celite plug, and concentrated to obtain 2 as a
dark red sticky oil (0.187 g, 72%). "H NMR (500 MHz, CD;CN) §
8.83 (S, 1H, CH(aromatic)), 7-77 (d, J = 9.2 Hz, 1H, CHaromatic)),
7.29 (d,J = 2.3 Hz, 1H, CHaromatic)), 7-25 (dd, J = 9.2, 2.3 Hz, 1H,
CH(aromatic)), 545 (s, 2H, NH,), 4.89 (hept, J = 6.7 Hz, 2H,
(CH3),-~CH-N), 4.11 (t, ] = 6.6 Hz, 2H, O-CH,), 2.61 (t, ] = 6.5
Hz, 2H, H,N-CH,), 1.87-1.78 (m, 4H), 1.65 (d, J = 6.7 Hz, 12H,
N-CH-(CHj,),), 1.53-1.45 (m, 2H), 1.42 (qd, J = 5.0, 2.2 Hz, 2H)
ppm. *C NMR (126 MHz, CD;CN) § 159.53, 137.23, 133.37,
126.15, 123.28, 120.73, 115.40, 97.37, 69.92, 52.26, 51.82, 41.82,
31.81, 29.48, 26.95, 26.22, 21.98, 21.93 ppm. °F NMR (471
MHz, CD;CN) 6 -79.33 ppm. m/z caled for CyoH3,0N;" [M]"
318.25399, found 318.25229.

Surface functionalization

Modification of gold electrode. The organic contaminants
on gold electrodes were removed by immersion in piranha
solution (H,SO,: H,O, = 3:1 v/v) for 30 s. The electrodes were
rinsed thoroughly with Milli-Q (MQ) water. Electrode surfaces
were further cleaned by mechanical polishing using a figure-
eight polishing motion.** Different sizes of alumina powder
(0.3 um and 0.05 um) were selected to prepare alumina suspen-
sions in MQ water. Any retained alumina powder on the gold
electrode was removed by ultrasonication in MQ water, then
absolute ethanol and again MQ water, each for 10 minutes. The
electrodes were further electrochemically cleaned to remove
absorbed species from the polishing procedure. The electrodes

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

were then electrochemically cleaned by running 100 CV cycles
in 0.5 M KOH between 0 V and 2 V at a scan rate of 0.5V s "
and then 100 CV cycles in 0.5 M H,SO, between 0 V and 1.5 V at
the same scan rate.

Self-assembled monolayer (SAM) and biosensor formation.
N-heterocyclic carbene (NHC) monolayers were prepared by
dissolving 2 in HPLC-grade MeOH (10 mM solution). The gold
substrates were immersed in this solution for 44 h at room
temperature and then rinsed with MeOH. The modified sub-
strates were then immersed in 10 mM MeOH solution of 3, a
hydrophobic alkyl NHC precursor for 1 h, then rinsed with
MeOH. The modified substrates were then immersed in a
solution of 5 mM BS® in PBS solution for 2 h at room
temperature to produce an active ester, then rinsed with PBS
solution. The modified substrates were then immersed in
250 pg mL™* of TLRY in PBS solution overnight at 4 °C in the
fridge, and then rinsed with PBS solution. The modified
substrates were then immersed in 1 M ethanolamine in
50 mM Tris (pH 8.4) for 1 h at RT, then rinsed with PBS
solution before the electrochemical measurement.

Lipoic acid n-hydroxysuccinimide ester biosensor formation.
Thiol based TLR9 biosensor was prepared following the pub-
lished procedure (Scheme S2, ESIf)."”*!

Biosensor testing. Once TLR biosensor preparation is com-
pleted, the biosensor is kept in a 10 mM HEPES aqueous buffer
solution (pH ~ 7.4) containing 5 mM/5 mM Fe(CN)s> *~ and
0.01 M NaClO, as the supporting electrolyte. Analytes CpG and
control samples including Pam2CSK4 and CL307 were titrated
into the HEPES buffer individually. The final concentration
after the titration is used for calibrations. Signals were obtained
5 minutes after exposing the biosensor to the analyte.

NHC biosensor storage stability. NHC biosensors were pre-
pared at gold discs according to the previously described
methodology for TLR9/Au. The sensors were then immersed
and stored in PBS solution for 4 weeks at 4 °C in the fridge, then
removed and rinsed with PBS solution before the electroche-
mical measurements.

Conclusions

Here, we report a new synthetic approach to the preparation of
an amine functionalized N-heterocyclic carbene (NHC) 2, then
attaching TLR9 protein to the NHC via amide coupling with the
homo-bifunctional cross linker, BS.? Additionally, a hydropho-
bic NHC, 3, was employed to lower the risk of non-specific
adsorption. The final sensor demonstrated a positive response
towards the typical TLR9 agonist, CpG, introduced at concen-
trations of 5-20 ug mL™ ", which is the concentration range
necessary for CpGs to activate TLR9 in the human immune
response system.”®> The importance of the presence of TLR9 to
achieve a reliable sensor response was demonstrated through a
control study. The sensor also showed selectivity towards CpG
when compared to agonists of other TLR proteins, such as
Pam3CSK4 and CL307. The NHC-based sensors also demon-
strated no loss of sensitivity, even after 4 weeks of storage.
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Finally, the developed sensor design was compared to a similar
and more traditional thiol-based sensor design, with the NHC-
based sensor greatly outperforming the thiol-based sensor.

TLR9/Au sensor development and design to detect the
presence of CpG DNA has various ramifications for biological
and biotechnological applications. First, the method of detect-
ing DNA molecules developed here could have potential appli-
cations as detection of therapeutic agents for a number of
disorders, such as cancers,'® allergies,’® and infections.'
Furthermore, our new sensor design enables the integration
of various types of proteins or biomolecules with an accessible
primary amine, such as antibodies, enzymes, or receptors,
thus potentially broadening the range of analytes detectable
by NHC-based biosensors.
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