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Abstract: Surfaces with antifouling properties are critical for optimizing biosensors to improve the
selectivity and specificity of analyte detection in complex biological samples. This work describes
the four-step synthesis of 3-dithiothreitol propanoic acid (DTTcoon), a new antifouling thiol linker
that (a) significantly reduces fouling of raw human serum samples and (b) binds amino receptors
via its terminal carboxylic acid group. DTTcoon was successfully functionalized on quartz crystal
microbalance (QCM) discs and used to anchor penicillin-binding aptamers. Relative to bare and
coated (11-mercaptoundecanoic acid (MUA) and 1-undecanethiol (UDT)) QCM crystals, DTTcoon’s
antifouling improved by approximately 75-86%. Following aptamer/ethanolamine extension, the
modified DTTcoop layer reduced serum fouling by approximately 95-97% compared to bare and
coated (MUA, UDT) crystals. QCM with dissipation (QCM-D) monitoring, contact goniometry, and
cyclic voltammetry techniques were used to compare the DTTcoop surfaces with quartz crystals
functionalized with hydrophobic and hydrophilic molecules.

Keywords: antifouling linker; DNA aptamer; human serum; QCM-D; cyclic voltammetry; contact
goniometry

1. Introduction

Fouling or non-specific adsorption (NSA) of nontarget molecules limits biosensor
applications significantly for detection in biological samples such as milk, whole blood,
serum, or urine. In complex fluids, a variety of molecules, such as cells and proteins,
can interfere with a biosensor’s performance, reducing its sensitivity and specificity by
fouling on the sensing surface [1]. Detecting analytes, particularly at low concentrations,
requires antifouling properties to optimize a biosensor’s sensitivity by increasing the
signal-to-noise ratio [2]. Developing recognition surfaces on gold electrode biosensors with
antifouling properties is an active area of research, particularly for optical, electrochemical,
and piezoelectric biosensors.

Surface hydration can play a significant role in the antifouling properties of a biorecog-
nition surface [3]. The structured interaction of interfacial water molecules on the sensing
surface creates a “physical and energetic barrier” (Figure 1), preventing the adsorption of
nontarget species [4-6]. If water molecules exist in a continuous interfacial hydration zone
and work like a “water barrier,” NSA is thermodynamically unfavorable [5].

Antifouling depends on the molecular properties of interfacial water molecules and the
strength of the hydration layer on the sensing surface [4,5]. These properties include chain
length, packing density, layer thickness, intermolecular interactions (such as hydrogen
bonding and electrostatics), and/or functional groups of self-assembled monolayers (SAM).
For example, a tightly packed, short-chain SAM can prevent NSA due to interfacial waters
interacting with the recognition surface. While in addition to surface hydration, the
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flexibility of long-chain SAMs can also influence antifouling, as compressing the layer
induces steric repulsion, making fouling entropically unfavorable [3].

water barrier human serum
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Figure 1. Hydrated MEG-C1 (above) and MEG-OH (below) adlayers on quartz with antifouling
behavior.

We previously reported on the importance of surface hydration for the antifouling
properties of organosilane-coated monoethylene glycol surfaces [5-7]. Poly- and oligoethy-
lene glycol-based molecules represent a common class of antifouling agents, such as 2-(3-
trichlorosilylpropyloxy)-ethyl hydroxide (MEG-OH) and 3-(3-(trichlorosilyl)propoxy)propanoyl
chloride (MEG-CI). Our studies showed that the internal ether moiety is critical for forming
the “water barrier,” allowing interfacial waters to penetrate and favorably interact with the
self-assembled monolayer of the silane- [1,5,8] or sulfur-based linkers [7]. The effect of poly-
and oligoethylene glycol derivatives on the antifouling properties of thiol-based linkers was
also reported by other researchers [2,9].

MEG-CI combines MEG-OH’s antifouling properties with linking functionality, as the
acyl chloride can be modified with a biomolecular probe. Without linking MEG-CI to a
probe, a MEG-Cl coated surface experiences notably increased fouling in serum and milk,
while a MEG-OH coating has negligible fouling. Most likely, the nucleophilic addition
of water to MEG-Cl produces MEG-COOH, where the terminal carboxylic acid group
becomes deprotonated in serum or milk [1]. We theorize that the negatively charged layer
electrostatically interacts with positively charged species, making NSA more favorable
relative to the neutral and hydrophilic MEG-OH surface.

The crystalline structure of quartz allows SAMs to functionalize less densely. A less
dense layer can provide space for hydration between molecules to form the antifouling

“water barrier.” Unlike quartz, functionalizing on gold surfaces can form a denser layer

as compounds such as cysteine-containing proteins can covalently bind to gold via SH
groups [7,10]. To facilitate a more effective “water barrier,” spacer molecules such as
dithiols can be incorporated into the SAM.
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Another challenge with using gold surfaces as sensing platforms is the significant
NSA due to sulfur chemistry. Most thiol-based linkers have a carboxylic acid moiety that
needs to be activated using 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochlo-
ride coupling with N-hydroxysuccinimide (NHS/EDC) allowing biomolecular probes to
be covalently immobilized. However, some NHS-esters can remain unreacted with the
probe, leading to the regeneration of the carboxylic acid group. The terminal carboxylic
acid group can be deprotonated in fluids, such as serum or milk, causing the negatively
charged layer to electrostatically interact with positively charged species, making NSA
more favorable relative to the neutral and hydrophilic surface. Therefore, to prevent car-
boxylic acid regeneration, usually, a quenching reagent such as ethanolamine is used to
react with unreacted NHS-esters [11]. While ethanolamine reacts with NHS-ester, it may
also enhance the antifouling properties of the surface as its hydroxyl group can facilitate
the “water barrier.”

To our knowledge, antifouling thiols on gold include poly- and oligoethylene glycol
derivatives, zwitterions, and spacers such as dithiothreitol (DTT). Chavez et al. tested
O-(2-Mercaptoethyl)-O’-methyl-hexa(ethylene glycol) SAMs, where the chains were made
up of seven ethylene glycol units (EG7); the EG7 layer demonstrated a significant de-
crease in fouling [9]. Bertok et al. designed a mixed zwitterionic antifouling layer with
carboxybetaine and sulfobetaine, which allow interfacial molecules to also bind electro-
statically [12]. Wu et al. described a ternary monolayer system involving DTT, a thiolated
oligonucleotide probe (SHCP), and 6-mercapto-1-hexanol (MCH). Compared to the binary
SHCP + MCH layer, the introduction of DTT provided a more compact SAM and polar
functional groups that increased the signal-to-noise ratio. While DTT’s hydroxyl groups
support an antifouling “water barrier,” the sensor was not tested in undiluted raw serum
or urine [13].

This study presents a novel thiol molecule, 3-dithiothreitol propanoic acid (DTTcoon),
that can be used as a linker for developing biorecognition surfaces of biosensors with excel-
lent antifouling properties (Figure 2). DTTcoop is a derivative of DTT, where one hydroxyl
group is modified to propanoic acid to allow for probe immobilization by NHS/EDC.
We hypothesize that DTTcooy facilitates the creation of a “water barrier” as the dithiol
structure induces a more effective hydration network by providing distance between the
propanoic acid chains of the SAM, increasing the surface area for the interfacial water
molecules. In addition to its antifouling and linking properties, DTTcoon involves a
straightforward and cost-effective four-reaction synthesis. The synthesis can be reduced to
three reactions with the purchase of oxidized dithiothreitol (Ox-DTT).

o]
HO OH HO o]
SH HS SH HS
DTT DTTco0n

Figure 2. Dithiothreitol (DTT) and 3-dithiothreitol propanoic acid (DTTcoon)-

DTTcoon’s antifouling capability against untreated human serum was assessed using
the quartz crystal microbalance with dissipation monitoring (QCM-D). QCM-D is a mass-
sensitive sensor involving layers immobilized on the gold surface of a piezoelectric quartz
disc. An applied electric field oscillates the disc, allowing changes in mass on the disc’s
surface to be detected by a frequency shift relative to the crystal’s fundamental resonance
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(Af) [14]. A layer’s viscoelasticity can be measured by changes in dissipation (AD), which
assesses total energy losses through a layer’s deformation. The more flexible the layer, the
greater the deformation and the higher the dissipation shift [15-17].

Human serum fouling was quantified using QCM-D, allowing for DTTcoon’s an-
tifouling to be compared to other thiol layers (11-mercaptoundecanoic acid (MUA), 1-
undecanethiol (UDT), and DTT) and bare QCM crystals. We examined the antifouling
properties of a QCM-based aptasensor using DTTcoop as a linker to immobilize aptamers.
The functionalized layers of the crystals were confirmed and compared using contact angle
goniometry (CAG) and cyclic voltammetry (CV).

2. Materials and Methods
2.1. Materials

Sodium iodide, sodium chloride, sodium carbonate, sodium thiosulfate, anhydrous
magnesium sulfate, and absolute ethanol were analytical grade and obtained from Sigma-
Aldrich (St. Louis, Mo, USA). All other organic solvents (acetonitrile, dichloromethane,
ethyl acetate, hexane, methanol) were ACS grade or better and supplied by Sigma-Aldrich
(St. Louis, Mo, USA). N-Benzyltrimethylammonium hydroxide (40% in methanol w/w) and
ammonium hydroxide (28-30% in water w/v) were supplied by Fisher Scientific (Ottawa,
ON, Canada). Hydrogen peroxide (30% in water w/w), T-butyl acrylate, trifluoroacetic acid,
zinc, 1-undecanethiol, 11-mercaptoundecanoic acid, dithiothreitol, 3-mercaptoethanol,
NHS, EDC, and ethanolamine were supplied by Sigma-Aldrich (St. Louis, Mo, USA) and
used without further purification. All aqueous solutions were prepared with Milli-Q water
(18.20 MQ) cm).

The lyophilized aptamers (5’'NH,-TCC CTA CGG CGC TAA CCT CCC AAC CGC
TCC ACC CTG CCT CCG CCT CGC CAC CGT GCT ACA AC-3' against Staphylococcus
aureus and 5'NH,-CTG AAT TGG ATC TCT CTT CTT GAG CGA TCT CCA CA-3' against
penicillin) were purchased from Generi Biotech (Hradec Kralové, Czech Republic). Peni-
cillin was purchased from Sigma-Aldrich (St. Louis, Mo, USA). Phosphate-buffered saline
(PBS) was prepared with 137 mM NaCl, 2.7 mM KCI, 10 mM Nap,HPOy, and 1.8 mM
KH;POy4 at pH 7.4 and filtered with a 0.22 um membrane filter (Merck-Millipore, Darm-
stadt, Germany). Human serum was collected from a healthy donor. Incorporating human
blood in this work took place in full compliance with the ethical rules on the use of human
tissues for experimentation and research. The healthy donor voluntarily donated blood
and was informed about its use. Furthermore, the donor remained anonymous and no
genetic or metabolic information from the biological sample was collected.

2.2. Synthesis of 3-Dithiothreitol Propanoic Acid (DTTcoopy) Linker

Sodium iodide (3.24 mg, 21.6 umol, 0.01 equiv.) was added to a stirred solution
of dithiothreitol (343.8 mg, 2.22 mmol) in ethyl acetate (18 mL) at room temperature.
Hydrogen peroxide was then added dropwise (30% aqueous solution, 0.5 mL, 4.89 mmol).
The reaction was stirred for 85 min at room temperature (approximately 23 °C), during
which the solution changed from colorless to orange-brown, characteristic of the generated
iodine. The reaction mixture was then quenched with saturated aqueous sodium thiosulfate
and the organic layer was further washed with saturated aqueous sodium carbonate (12 mL)
followed by saturated aqueous sodium chloride (12 mL). The organic phase was then dried
over anhydrous magnesium sulfate and filtered. The volatiles were evaporated under
reduced pressure to yield oxidized DTT (Ox-DTT) as a white powder (330 mg, 97.5% yield
in mol) (Figure 3). 'H and *C NMR spectra confirmed the purification of the product
(Figures S1 and S2 of Supplementary Material).
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Figure 3. Oxidation of dithiothreitol.

In an oven-dried flask, N-Benzyltrimethylammonium hydroxide (40% w/w in methanol,
300 pL, 276 mg, 1.65 mmol) was concentrated under vacuum and cooled to room tempera-
ture. Ox-DTT (100 mg, 0.65 mmol) in acetonitrile (10 mL) was added to this solution. The
reaction mixture was stirred at room temperature for 15-30 min under an inert atmosphere.
Tert-butyl acrylate (143.5 uL, 1.00 mmol) was added and the mixture was stirred at 58-60 °C
for 72 h. The residue was filtered through a silica plug to remove the colored impurities, then
subjected to flash chromatography (3:1 v/v hexane/ethyl acetate) using high-grade silica
gel (60 A pore size, 200-400 mesh) which produced tert-butyl 3-(DTT)propanoate (TBu-Ox-
DTT) with a 55.7% yield (102.7 mg, 0.37 mmol) (Figure 4). 3C NMR spectra confirmed the
purification of the product of this reaction (Figure S3 of Supplementary Material).

PPN

HO OH HO
1) [NME 5Bn]*[OH]”
rt, 15 min
——
2) tert-butyl acrylate
58°C, 72 h
S——S S——S

Figure 4. Conversion of oxidized DTT to tert-butyl 3-(DTT)propanoate.

During the reaction, the product was monitored with thin layer chromatography
using 3:1 v/v hexane/ethyl acetate eluent (Figure 5). The reaction was stopped at the
appearance of the hydrophobic products (C spots) which may contain the compound with
both hydroxyl groups modified to tert-butyl propanoate. The C spots were removed with
the subsequent flash chromatography and the desired product, TBu-Ox-DTT (B spot), was
purified. Ox-DTT (A spot) was also saved for repeating the reactions.
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Ocm? doob o<
Figure 5. Thin-layer chromatography showing (A) ox-DTT, (B) tert-butyl 3-(DTT)propanoate, and (C)
hydrophobic products.

TBu-Ox-DTT (27.7 mg, 99.28 pmol) and trifluoroacetic acid (46 pL, 6 equiv.) were
dissolved in dichloromethane (2 mL). The mixture was stirred at room temperature
for 60-90 min. The volatiles were concentrated under vacuum. To ensure the com-
plete removal of trifluoroacetic acid, the residue was repeatedly diluted with additional
dichloromethane and evaporated under reduced pressure to yield 80.8% 3-(DTT)propanoic
acid (Ox-DTTcoon) (18 mg, 80.21 pmol).

Ox-DTTcoon (26.3 mg, 117.25 umol) was dissolved in a solution of 1% trifluoroacetic
acid in acetonitrile (10 mL). Powdered zinc (200 mg, 3 mmol) was added, and the solution
was stirred for 2 h at room temperature. The reaction was centrifuged at 7500 RPM
for 10 min. The supernatant was decanted and concentrated under reduced pressure.
The residue was repeatedly diluted with dichloromethane, which was then evaporated
under vacuum, yielding 85.1% 3-(DTT)propanoic acid (DTTcoon) (22.39 mg, 99.78 umol)
(Figure 6). 'H and '>C NMR spectra confirmed the purification of the final product (Figures
57 and S8 of Supplementary Material).

OH
| %
o] [e]
§—S

~ Ak

HO

1% TFA.
—_

zinc powder

OH
| %
H HO o]
Acetonitrile,
TFA
_—
DCM.1t,1h

Figure 6. Deprotection and reduction reaction steps to produce DTTcoop.

S

S SH HS

All the reagents used for the synthesis of DTTcoon were handled in the fume hood,
as they are irritating to the eyes and respiratory tract (sodium iodide, hydrogen peroxide,
ethyl acetate, and n-hexane), toxic if swallowed or inhaled and in contact with skin (N-
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benzyltrimethylammonium hydroxide, trifluoroacetic acid, DCM, and acetonitrile), and
harmful by ingestion, inhalation, and skin absorption (tert-butyl acrylate).

2.3. Aptamer Stock Solution Preparation

The aptamers were chosen according to availability. The lyophilized aptamers were
resuspended in 10 mM Tris and 1 mM EDTA bulffer at pH 8.0 in DNase-free Milli-Q water
to prepare a 100 uM stock solution. Afterward, the solution was diluted into 10 uM aliquots
(100 uL) with PBS. The aptamer aliquots were stored at —20 °C and thawed individually
prior to each experiment.

2.4. Cleaning and Surface Modification of QCM Crystals

Quartz crystals (AT-cut with gold electrodes on both sides, 0.2 cm? sensing area, 8 MHz
fundamental resonant frequency) were purchased from Total Frequency Control Ltd.,
Storrington, UK. Each crystal was cleaned in three 25 min cycles of basic Piranha solution
(7 mL of 1:1:5 v/v of 28-30% NH4OH, 30% H0O,, and Milli-Q water) at 70 °C. The crystals
were washed with copious amounts of Milli-Q water (x3) in between cycles. Following the
third cleaning, the crystals were rinsed with Milli-Q water (x2) and methanol (x2).

The clean quartz crystals were individually functionalized on an orbital shaker by
soaking in 2 mL solutions of 2 mM UDT, 2 mM MUA, 50 uM DTT, or 50 uM DTTcoon in
absolute ethanol overnight. The DTTcoop crystals were further functionalized with 2 mL
solutions in the following order: 1 mM (-mercaptoethanol in absolute ethanol for 10 min,
NHS/EDC (20 mM NHS and 50 mM EDC) in Milli-Q water for 35 min, 5 uM of aptamer in
Milli-Q water for 70 min, and 1 M ethanolamine in Milli-Q water for 40 min. For preparing
NHS/EDC, 0.8 mL NHS and 1.2 mL EDC aliquots were made separately and combined
before functionalization. In between changing solutions, each crystal was washed with
Milli-Q water (x2). Alternatively, the crystals were functionalized with DTTcoop in-flow
(Figure 7).

i ? 3 ? <
eRonReRonReRe:

Figure 7. Surface modification of QCM crystals. Following DTTcoopn, the crystals were functional-
ized with -mercaptoethanol (not shown), then (A) NHS/EDC, (B) aptamer, and (C) ethanolamine.

Before measurements, the SAM-functionalized crystals were gently dried under a flow
of nitrogen.
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2.5. Contact Angle Goniometry (CAG)

The KSV CAM 101 contact angle goniometer (KSV Instruments Ltd., Helsinki, Finland)
was used for static contact angle goniometry (CAG) with Milli-Q water under ambient
conditions. The results were elaborated by the instrument’s software. Bare and coated
QCM crystals were measured on the gold electrode surface to confirm functionalization. A
minimum of three readings with different crystals were recorded and averaged.

2.6. QCM Set-Up and Measurements

The bare and modified crystals were prepared, mounted, and secured using O-rings
in an acryl flow-through cell (JKU, Linz, Austria). A holder clamped the cell to keep
the internal gold laminar conductors in contact with the crystal’s gold electrodes, which
also secured the connection to a SARK-110 vector analyzer (Seeed, Shenzhen, China).
The analyzer was connected to a controller via universal serial bus (USB) for setting the
parameters and collecting data by a Python software [18].

One crystal face was exposed to the cell chamber, where liquid flowed through inside.
A GeniePlus syringe pump (Kent Scientific, Torrington, CT, USA) and a pulling syringe
drew the solutions from a vial into the cell chamber by an inlet pipe, which then flowed
away through an outlet pipe to the syringe.

The experiments were performed at fundamental frequency, 8 MHz, in a constant
flow of 50 L min~!, at room temperature (approximately 23 °C). Untreated human serum
was used as a fouling agent while the remaining solutions functionalized the DTTcoon
crystals for building the aptasensor. In flow mode, the QCM crystal was initially washed
with PBS buffer to remove any weakly adsorbed thiols on the gold surface and to obtain a
stable baseline (about 55-60 min). Subsequently, the flow was switched with human serum
samples and bare, UDT, MUA, DTT, and DTTcoon crystals were incubated for 5 min.

For the aptasensor, after the DTTcoon crystals reached an initial baseline, different
concentrations were flowed into the chamber. Initially, a solution containing NHS/EDC
was flowed for 35 min, during which the linker’s carboxyl groups were activated. Then a
PBS wash for 5 min was performed. Subsequently, the surfaces were incubated with the
aptamer solution for 90 min, and a PBS wash followed. The crystals were then incubated
with an ethanolamine solution to neutralize the remaining activated carboxyl groups of
the linker. After these surface modifications, the SAM should lose the negative charges
that contribute to serum fouling. After another 5 min of PBS wash, the surfaces were
finally incubated with -mercaptoethanol for 10 min to potentially passivate any part of
the surface without a linker. A final PBS wash for 15 min rinsed the crystal to remove
weakly adsorbed compounds and improve the signal’s stabilization for the next step, the
antifouling test.

After the aptasensor was built, it was tested with a 5 min incubation with human
serum to evaluate its antifouling properties. The crystals were then rinsed with PBS buffer
to remove the sample from the chamber and obtain a stable baseline.

2.7. QCM Data Analysis

The antifouling measurements were performed for a minimum of three times to record
raw data that were fitted by a Python script. The script uses an equation from Yoon et al.’s
paper [19] to calculate the peak parameters. The fitted data were then plotted with Excel
and statistically processed as mean =+ standard deviation (SD).

The aptasensor’s antifouling properties were evaluated in triplicate by functionalizing
in-flow with multiple steps. The aptasensor’s ability to bind the analyte (penicillin) was
also evaluated.

More measurements with different penicillin concentrations were not performed as
the aim of this work was the synthesis and characterization of the new dithiol, DTTcoon,
for reducing the fouling from raw samples and its application in sensor technology.
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2.8. Electrochemical Measurements

All electrochemical experiments were carried out using a CHI440A potentiostat (CH
Instruments, Austin, TX, USA) with a three-electrode setup: a disposal gold electrode
(0.2 cm?), Pt wire, and Ag/AgCl as the working electrode, the auxiliary electrode, and
the reference electrode, respectively. The Ag/AgCl reference electrode was connected to
an electrochemical cell through a salt bridge, filled with agar and 1 M KNOj3, to mini-
mize the diffusion of chloride ions into the electrolyte solution. Experiments were per-
formed by immersing the electrodes and salt bridge in 25 mL aqueous solutions of 5 mM
K4[Fe(CN)g]/K;3[Fe(CN)g] as a redox probe containing 0.5 M KCl as a supporting elec-
trolyte. Cyclic voltammetry (CV) and square wave voltammetry (SWV) were employed to
monitor the current response as a function of applied potential. CV measurements were
started at the open circuit potential (OCP) with positive initial scan polarity and 5 sec quiet.
The scan rate of 0.1 V/s was applied unless otherwise mentioned. The SWV experiment
was performed with an amplitude of 2.5 mV, a frequency of 15 Hz, and a 2 sec quiet time.
The conventional SWV experiments were followed by the reverse scan to monitor both
oxidation and reduction reactions. This approach provides data that are equivalent to cyclic
square wave voltammetry (CSWYV) [20]. The gold electrodes were modified in the same
way as the QCM crystals.

3. Results and Discussion
3.1. Contact Angle Goniometry Analysis

The different SAM functionalization of the gold electrode surfaces were confirmed with
CAG (Figure 8). The surface angle on bare gold after piranha treatment was approximately
56° £ 4°, which is similar to 49°-65° reported in the literature for bare gold [21-23].
Contact angle measurements of UDT-modified surfaces had an average of 105° =+ 2°, which
is significantly higher compared to bare gold and indicates that the surface was successfully
functionalized with the hydrophobic UDT layer. This result is comparable to values present
in the literature for hydrophobic surfaces [24,25]. For MUA-modified surfaces, the contact
angle was about 48° £ 14°, which is lower than bare and UDT crystals due to MUA’s
hydrophilicity given by its carboxyl group [23,26].

‘.-ﬂ..‘.‘.‘.
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Figure 8. Contact angles of Milli-Q water droplets on gold electrodes with different SAM coatings.
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DTT- and DTTcoon-modified QCM crystals had angles of 43° + 1° and 35° & 5°,
respectively. DTT’s contact angle has a similar trend to values in the literature [27,28].
These results confirmed surface modification, as DTT and DTTcoog SAMs were more
hydrophilic compared to bare gold.

While CAG is useful for confirming functionalization, it does not indicate the SAM’s
density. We expect a disordered DTTcoop layer as DTT binding to gold has been confirmed
to be in a disordered way. As a less dense SAM is more likely to have vacancy islands due
to gold surface atoms rearranging during thiol functionalization [27], in this work, we used
[3-mercaptoethanol to passivate any exposed gold which could be easily subject to NSA. To
estimate the density of DTTcoon’s SAM, incubating QCM discs in-flow with DTTcoon
followed by a linear thiol molecule is an object of further investigation.

3.2. Electrochemical Characterization of the Aptasensor

Electrochemical experiments were performed to further investigate the surface proper-
ties of the aptasensor. We applied cyclic voltammetry (CV) and square wave voltammetry
(SWYV) to characterize each step of surface modification of the gold electrodes using 5 mM
K4[Fe(CN)g]/K3[Fe(CN)g] as an external redox probe. Figure 9 shows the conventional
SWYV experiments followed by the reverse scan to monitor both oxidation and reduction
reactions; this approach provides data that are equivalent to cyclic square wave voltam-
metry (CSWV) [20]. The decline in SWV current intensity after DTTcoon modification is
due to producing a self-assembled monolayer of DTTcoon on the gold electrodes, which
also results in increasing the peak-to-peak separation of the redox signals in the CV (see
Figure S6 of Supplementary Material). Although the current intensity was expected to
decrease significantly after the final modification step, the current intensity increased
(Figures 9 and 5S6), indicating that the aptamer may be involved in electron transfer.

4.0 -

2.0 A

0.0 -

Current (x10A)

-4-0 L) L] L) L] L) L] 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Potential (V) vs Ag/AgCl

Figure 9. Square wave voltammogram (SWV): oxidation and reduction signals of the gold electrode
(blue), after modification with DTTcoop (green), and after modification with aptamer (orange). All
experiments were carried out using a three-electrode setup with a gold electrode, a Pt wire, and
Ag/AgCl electrode as the working electrode, the auxiliary electrode, and the reference electrode,
respectively, in 5 mM [Fe(CN)g]?~/*~ as the redox probe containing 0.5 M KCl as the supporting
electrolyte. The SWV experiments were performed with an amplitude of 2.5 mV, a frequency of 15 Hz,
and a 2 sec quit time.
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The unexpected electrochemical activity of aptamers was already reported by
Alawad et al. [29]. They showed that immobilization of a 76-mer aptamer on a modi-
fied electrode reduced the electron transfer resistance of the Faradaic impedance spectra.
Their investigation confirmed that the aptamer is intrinsically electroactive and can be used
as a recognition element. Aptamer electroactivity can be due to the redox activity of its
purines and pyrimidines. The redox reaction of nucleic acids was observed in solution as
well as on different surfaces, such as glassy carbon, graphene-based, nanocarbon-based,
boron-doped diamond, and gold electrodes [30-32]. It should be noted that aptamers have
an overall negative charge, which may have two different effects when immobilized on the
electrode surface. (1) It can provoke electrostatic repulsion between the electrode surface
and the negatively charged [Fe(CN)6]®~ /[Fe(CN)g]*~ redox couple in the solution leading
to a decrease in the rate of electron transfer and thus a decrease in the current intensity, or
(2) it can provoke electrostatic repulsion of neighboring aptamers, forcing the aptamers
into a relatively linear conformation, thereby rendering the aptamer film on the electrode
permeable to the electron transfer leading to an increase in current intensity [33].

A study by Tan et al. [34] showed that a high concentration of K* can neutralize all
the electronegative sites of the aptamer. Therefore, as our electrochemical experiments
were performed in the presence of high K* concentration, we can hypothesize that a
positively charged shelter is created around the aptamer leading to an overall positive
charge of the electrode surface. This leads to physisorption of the negatively charged
[Fe(CN)¢]3~ /[Fe(CN)g]*~ redox couple on the electrode surface causing an increase in the
rate of electron transfer and thus an increase in current intensity.

Therefore, an increase in current intensity after immobilization of aptamer can be
due to (1) the electrostatic repulsion of neighboring aptamers causing a more permeable
biofilm on the electrode or (2) physisorption of [Fe(CN)g]?~ /[Fe(CN)g]*~ redox couple
on the file as the result of high K* concentration. To examine these two hypotheses,
we performed a CV experiment at different scan rates (Figure 10) to study the electron
transfer process. The electron transfer process can be diffusion-controlled, which relates to
the redox activity of electroactive species, [Fe(CN )6’ /[Fe(CN)g]*~, in solution near the
surface, or it can be adsorption-controlled, which relates to redox activity or the ability of
electron transfer of the active sites on the surface. The first hypothesis correlates with a
diffusion-controlled electron transfer process while the second hypothesis correlates with
an adsorption-controlled electron transfer process.

The diffusion-controlled redox process can be described mathematically by the Randles-
Sevcik equation:

Ip =2.68 x 10°n*/? AD"/?cv!/2

where Ip, n, D, A, ¢, and v are peak current, number of electrons, diffusion coefficient,
electrode area, concentration, and the scan rate, respectively. Therefore, a linear rela-
tionship between the current and square root of the scan rate indicates that the redox
process is diffusion-controlled while a linear relationship between the current and scan
rate indicates that the redox process is adsorption-controlled. While plotting current
intensity (oxidation/reduction peaks) for modified gold electrodes after incubation in
DTTcoon showed a linear relationship with the square root of scan rates (R? > 0.99)
(Figure S7 of Supplementary Material), the plot of the current intensity of the aptasen-
sor did not have a linear relationship with either square root of scan rates or scan rates
(Figure 10D and Figure S8 of Supplementary Material). These results confirmed that the
DTTcoon modification did not affect the diffusion-controlled electron transfer process of
[Fe(CN)s]3>~ /[Fe(CN)]*~ on the gold electrode, while aptamer modification affected the
electron transfer process. However, at scan rates below 0.4 V /s the current intensity (both
oxidation and reduction signals) of the aptasensor has a linear relationship with the square
root of scan rates (R? > 0.99) but not with the scan rate (R? < 0.96), indicating that at low
scan rate the electron transfer is a diffusion-controlled process with fast kinetics. In other
words, at a low scan rate, the diffusion-controlled process is dominant, which confirms the
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first hypothesis, while at higher scan rates the adsorption-controlled process may also be
involved in electron transfer, which shows the possibility of the second hypothesis.
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Figure 10. The influence of scan rate on the electrochemical response (CV) of the aptasensor using
5 mM [Fe(CN)s]>~/4~ as a redox probe containing 0.5 M KCl as a supporting electrolyte. All
experiments were carried out using a three-electrode setup with a gold electrode, a Pt wire, and
Ag/AgCl electrode as the working electrode, the auxiliary electrode, and the reference electrode,
respectively. CV experiments started at the open circuit potential (OCP) with positive initial scan
polarity, sample interval of 2 mV, and with varying scan rate from 0.05 V/s to 1.0 V/s. (A) Cyclic
voltammograms. Red arrow shows increase in the scan rate, (B) Graph of the peak potential separation
(AEp = Ep(ox) — Ep(red)) vs. scan rate, (C) Graph of I(0x)/Ip(red) vs. scan rate, (D) Graph of current
vs. square root of scan rate for I, (0x) (blue curve) and Ip(red) (orange curve).

The reversibility of the redox reaction of [Fe(CN)]*>~ /[Fe(CN)g]*~ can also be exam-
ined by CV at different scan rates. Our results indicate that by increasing the scan rate,
the I(ox)/I(red) increases to 1.1 and the peak potential separation is increased indicating
that the rate of oxidation is higher than reduction and the redox reaction is irreversible (see
Figure 10B,C). We can conclude that at a lower scan rate the observed current is mostly due
to the redox reaction of [Fe(CN)g]>~ /[Fe(CN)¢]*~ in solution close to the surface, but at
higher scan rate, both diffusion and adsorption may be involved in the electron transfer
process causing lower reduction rate. As we mentioned earlier, the diffusion-controlled pro-
cess could be due to the formation of a relatively linear conformation of the aptamer, which
enhances the permeability of the self-assembled monolayer on the gold electrode. The
adsorption-controlled process could be due to the formation of a positively charged shield
around the aptamer layer that adsorbs the [Fe(CN)s]3>~ /[Fe(CN)g]*~ redox couple on the
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electrode surface. The electroactivity of the aptamer can also contribute to electron transfer
through the adsorption-controlled process. Further investigation is needed to determine
the relative contribution of these processes in the electron transfer of the aptasensor.

3.3. Serum Antifouling Test with Quartz Crystal Microbalance

With QCM-D, the frequency and dissipation variations were quantified to measure
adsorbed human serum material (Figure 11). As human serum adsorbs to hydrophobic
surfaces, non-antifouling layers of MUA and UDT were used to compare and determine
DTTcoon’s antifouling. MUA was chosen as it is typically a linker on gold electrode
surfaces due to its thiol and carboxylic acid groups.
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Figure 11. The (A) frequency and (B) dissipation shifts on gold electrodes with different SAM coatings
following exposure to undiluted human serum.

Based on the data in Table 1, MUA's aliphatic structure and carboxyl group induced
significant resonant frequency (653 + 50 Hz) and dissipation variations (3.6 & 0.5 x 107°)
caused by serum fouling, while UDT’s sole aliphatic structure caused the highest shifts in
the frequency (900 & 141 Hz) and dissipation (6.5 4+ 0.1 x 10~°) following adsorption of
serum material due to increased hydrophobicity. The frequency and dissipation shifts are
increased for hydrophobic surfaces, as more bioorganic matter is adsorbed.

Table 1. Frequency and dissipation shift after exposure to undiluted human serum and subsequent
wash with PBS.

SAM Avg. Af £ St. Dv. MILOS % Fouling Relative to Avg. AD + St. Dv. MILOS
(HZ) MILOSDTTCOOH (10_5)
Bare Au 501.7 £ 28.9 75 31+02
UDT 900.4 + 1414 86 6.5+0.1
MUA 653.3 £ 50.3 81 3.6+05
DTTcoon 126.9 £33.9 - 09+02
DTT 99.7 +42.4 -21 05+03

Measurements of bare crystals demonstrated a frequency shift of 502 & 29 Hz and
dissipation shift of 3.1 4= 0.2 x 10~° following human serum incubation, while serum
adsorption on DTTcoopr surfaces caused the frequency (127 + 34 Hz) and dissipation
(0.9 + 0.2 x 107°) to shift less than uncoated and coated (UDT and MUA) crystals. DTTcoon
reduced fouling by 75%, 86%, and 81% compared to bare crystal, UDT-, and MUA-coated
surfaces, as far less material adsorbs onto the DTTcgon surface.

As DTT’s antifouling has been demonstrated in the literature, it was used to compare
to DTTcoon, which was derived from DTT. Following human serum incubation, the reso-
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nant frequencies of DTT-coated crystals shifted by 100 £ 42 Hz while dissipation changed
by 0.5 £ 0.3 x 10~°, indicating that minimal adsorption took place. The fouling trend of
the bare and functionalized crystals is similar to their relative wettability based on their
contact angles (Figure 8). However, DTTcooy is less antifouling compared to DTT by about
21%. Although DTTcoop is more hydrophilic than DTT, its carboxylic acid moiety is likely
deprotonated in human serum, contributing to decreased antifouling capability by elec-
trostatic interactions with serum components. As described in the introduction, previous
work has shown that shifting from a hydroxyl to a carboxyl group increases fouling.

While a sole-DTTcoon layer is less antifouling compared to DTT, its carboxyl group
allows it to behave as a linker. Upon binding DTTcooy to a desired receptor, the layer is
expected to improve its antifouling character as the carboxyl group is modified. The data
reported in Table 1 are shown in Figure 12.
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0 — 0 | .
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Figure 12. Frequency (A) and dissipation (B) shift of QCM crystals with different SAM coatings after
exposure to undiluted human serum.

3.4. Antifouling Test of the Aptasensor

To examine DTTcoon’s antifouling properties as a biosensor, it was linked to an
aptamer for detecting penicillin via QCM-D (Figure 13). The aptasensor showed high
selectivity to penicillin, as 10 uM of penicillin in undiluted human serum caused a high
frequency shift of 90 Hz. Testing the aptasensor in undiluted serum without penicillin
demonstrated significant antifouling as the frequency shifted by 25 Hz (Figure 13A). Com-
pared to the DTTcopm-only surface, which had a frequency shift of 127 Hz (Table 1),
linking DTTcoon with aptamer improved its antifouling by approximately 80%. Similarly,
the aptasensor was 75% more antifouling relative to DTT surfaces. The fouling on the
DTTcoon-aptamer layer decreased by 95%, 96%, and 97% relative to bare crystal, MUA,
and UDT surfaces.

Compared to non-antifouling surfaces (MUA, UDT, bare gold), the aptasensor had a
low dissipation increase following exposure to undiluted serum (1.2 x 10~°) as adsorption
of serum species was minimal. However, after incubating the aptasensor in serum with
10 uM penicillin, the dissipation increased by 5.2 x 10~° (Figure 13B). The much higher
dissipation compared to serum without penicillin indicates the presence of adsorbed
material on the surface, in which the most adsorbed components is penicillin binding
to aptamer.

As discussed earlier, the improved antifouling of the aptasensor is likely due to
modifying the carboxyl group to aptamer and ethanolamine, preventing the presence of
negatively charged carboxylic acid groups in serum. Following elongation with aptamer
and ethanolamine, the DTTcoon-aptamer layer can maintain a hydration layer of interfacial
water molecules via the polar hydroxyl groups and spacing between the propanoic acid
chains, making NSA by serum components less favorable.
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Figure 13. (A) Frequency and (B) dissipation variations when building the DTTcoop aptasensor in-flow
and testing its antifouling properties in undiluted human serum with and without 10 uM penicillin.

4. Conclusions

In undiluted human serum, 3-dithiothreitol propanoic acid (DTTcoopn) significantly
reduces non-specific adsorption. Its antifouling capability improved upon aptamer immo-
bilization via DTTcoon’s terminal carboxylic acid moiety. Our QCM-D results confirmed
the antifouling properties of the aptasensor using DTTcoon as a linker, as its frequency and
dissipation shifts were minimal in undiluted human serum. The electrochemical stability
of DTTcoon on the gold electrode was confirmed with CV, which makes it a promising
linker for developing electrochemical biosensors.

We plan to use DTTcoon to develop biosensors with antifouling properties that can be
used to detect various biomarkers in biofluidic samples such as plasma. Subsequent stud-
ies can investigate how to optimize the surface functionalization and improve DTTcoon
antifouling and linking properties. Currently, the focus of research is centered on character-
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izing the surface modification of QCM-D crystals with DTTcoon using X-ray photoelectron
spectroscopy (XPS) and other techniques to complement the results. Plans are also in place
to design alternative synthetic routes to prepare the DTTcooy linker that would require
fewer steps and less complicated workup processes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/chemosensors10100435/s1, SI: NMR spectra of the compounds used for the development
of antifouling linker. SII: Electrochemical properties of the gold electrodes following various modi-
fications. Figure S1: 'H NMR (400 MHz, DMSO) spectrum of oxidized-dithiothreitol (Ox-DTT): b
5.19 (OH), 3.36 (H2, H3), 3.02 (H1, H4), 2.74 (H1, H4) ppm; Figure S2: 3C NMR (101 MHz, DMSO)
spectrum of oxidized-dithiothreitol (Ox-DTT): & 73.24 (C1, C4) and 40.20 (C2, C3) ppm; Figure S3: 13C
NMR (126 MHz, CDCl3, 0.05% w /v TMS) spectrum of tert-butyl 3-(DTT)propanoate (TBu-Ox-DTT): &
170.67 (C1), 80.47 (C8), 75.74 (C4, C5), 64.42 (C3), 34.74 (C6, C7), 28.68 (C2), 27.05 (C9) ppm; Figure S4:
'H NMR (500 MHz, CD3CN) spectrum of 3-(DTT)propanoic acid (DTTcoon): 6 5.93 (OH), 3.82 (H4,
H5), 3.68 (H3), 3.00 (SH), 2.84 (H6, H7), 2.68 (H2) ppm; Figure S5: 1C NMR (126 MHz, CD;CN) spec-
trum of 3-(DTT)propanoic acid (DTTcoon): & 163.74 (C1), 73.43 (C4, C5), 62.23 (C3), 40.89 (C2), 29.27
(Co, C7) ppm; Figure S6: Cyclic voltammogram (CV) of a gold electrode (blue line) after modification
with DTT (green line), and further modification with aptamer (orange line). All experiments were
carried out using a three-electrode set up with a gold electrode, a Pt wire, and Ag/AgCl electrode
as working electrode, auxiliary electrode, and reference electrode, respectively, in 5 mM [Fe(CN)4]
3-/4 as a redox probe containing 0.5 M KCl as a supporting electrolyte. CV experiments started at
the open circuit potential (OCP) with positive initial scan polarity, and a sample interval of 2 mV;
Figure S7: Influence of the scan rate, v, on the CV electrochemical response of gold electrode after
modification with DTT using 5 mM [Fe(CN)g]*>/# as a redox probe containing 0.05 M KCl as a
supporting electrolyte. All experiments were carried out using a three-electrode set up with a gold
electrode, a Pt wire, and Ag/AgCl electrode as a working electrode, auxiliary electrode, and reference
electrode, respectively. CV experiments started at the open circuit potential (OCP) with positive
initial scan polarity, a sample interval of 2 mV, and a varying scan rate from 0.05 V/s to 1.0 V/s.
(A) Cyclic voltammograms at different scan rates. (B) Graph of current vs square root of scan rate;
Figure S8: Plot of the current vs square root of scan rate shows the influence of the scan rate on the
CV electrochemical response of aptasensor using 5 mM [Fe(CN)6]3'/ 4 as a redox probe containing
0.5 M KCl as a supporting electrolyte. All experiments were carried out using a three-electrode set up
with a gold electrode, a Pt wire, and Ag/AgCl electrode as working electrode, auxiliary electrode,
and reference electrode, respectively. CV experiments started at the open circuit potential (OCP) with
positive initial scan polarity, a sample interval of 2 mV, and a varying scan rate from 0.05 V/s to
1.0V/s.
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