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Highlights

¢ A methylene blue-tagged peptide-based probe endowed with a triple anchor was
generated for the first time.

e The tripod anchor probe was used to produced SAMs with enhanced long-term,
thermal and chemical stability

e The tripod anchor probe showed efficient electron transfer and protease detection.

Abstract

Peptide-based electrochemical biosensors have proven to be powerful sensing strategies for
the detection of proteases and offer a highly versatile system as simple tuning of the
immobilised substrate peptide leads to a new sensing platform. The most common
immobilisation strategy of peptides onto an electrode surface is via a self-assembled

monolayer (SAM) through a thiol group that can be readily chemically incorporated in the
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target peptide. However, the successful application of these platforms in complex biological
samples can be frustrated by the lack of stability of the peptide-based SAM, that can lead to
false positives and limited shelf-life. Herein, we investigated the stability of a peptide-based
electrochemical platform endowed with a single or a tribranched thiol group for attaching onto
the electrode surface. Side-by-side comparison demonstrated that the tripod anchor
generated a highly robust peptide-based electrochemical biosensor that showed improved
stability when compared to the monoanchor analogue, simplifying data analysis and

interpretation, while showing efficient protease detection and similar sensing capabilities.

Keywords Peptide-based probe SAMs stability Protease detection Tripod anchor

1. Introduction

Self-assembled monolayers (SAMs) have been used for the fabrication of a vast range of
devices encompassing organic electronics [1], molecular motors [2], sensors and actuators
[3]. However, it is in the field of electrochemical biosensors where SAMs have found the most
general practical application by providing an effective and versatile system for functionalising
electrode surfaces [4, 5]. Among the different types of SAMs, thiols on gold, which typically
comprise a sulfhydryl anchoring group attached to a spacer followed by a terminal cargo such
as a specific strand of DNA, an aptamer or peptide, have received much attention. In part, this
is due to their ease of preparation, driven by the readily formed bond between the sulfhydryl
group and the gold surface [6, 7].

However the Au-S bond, which has a semi-covalent character (with a bond strength of the
order of 50 kcal/mol) [7] is quite labile and alkanethiol-based SAMs show significant instability
issues which limit their practical use in sensing. The singly bound sulfhydryl groups can be

readily displaced from the surface by other thiols, while prolonged storage in phosphate buffer



[8, 9], exposure to elevated temperatures [10] and high salt concentrations [8] can result in
desorption of a substantial proportion of the thiolates within a few days [11].

In order to improve film stability, a variety of anchoring strategies have been explored [12, 13].
One attractive approach relies on employing multidentate adsorbates; the increased number
of thiols are then able to form multiple bonds with the surface enhancing the robustness of the
monolayer [14-16]. Indeed, trithiol based-anchors have proven to be suitable for robust
bioconjugation onto gold surfaces and have been employed for attaching DNA strands onto
gold thin-films [17] and nanoparticles [18-20]. As regards electrochemical biosensors, SAMs
of dithiolated scaffolds have been exploited for the attachment of antibodies [21] and
oligonucleotides [22], while a trithiol anchor has been used to produce a highly stable DNA
sensor platform [23, 24]. However, the tridentate (tripod) anchor approach has not been
investigated in the preparation of SAMs in peptide-based electrochemical biosensors.
Peptides have been immobilised on electrode surfaces through Au-S bonds and used for the
detection of metastatic activity [25], proteases [26], cortactin [27] and other type of proteins
[28]. In this context, SAMs need to provide: (1) the correct orientation of immobilised peptides
to enable analyte detection, (2) an appropriately packed structure that allows both electron
transfer and protein detection and (3) enhanced stability [29].

In our recent work, we reported an electrochemical peptide-based biosensor for trypsin which
consisted of a short peptide sequence, labelled with methylene blue (MB) as a redox reporter
and immobilised onto a gold electrode surface using cysteine as the thiol-containing anchor
[30].

In an effort to improve the robustness of this biosensor, we herein describe the synthesis of a
tripod anchor probe and its application for the generation of more robust SAMs. We report on
the sensing abilities of the new electrochemical biosensor, its stability under a range of
conditions, while comparing its analytical performance to that of the benchmark monodentate

probe as a control.

2. Materials and methods.



2.1. Instrumentation

Electrochemical measurements were performed using a conventional three-electrode
electrochemical cell driven by a computer-controlled AutoLab PGstat-30 potentiostat running
the GPES 4.9 software (EcoChemie, The Netherlands). A platinum wire and a 2 mm diameter
polycrystalline gold electrode (1J Cambria, UK) were used as auxiliary and working electrode,
respectively. All the potentials are referred to the Ag|AgCI| KCI (3 M) reference electrode
(Bioanalytical Systems, Inc., USA). 'H and *C nuclear magnetic resonance spectra were
recorded on a Bruker AVA500 spectrometer (500 and 126 MHz respectively) at 298 K in
deuterated solvents. Chemical shifts are reported on the d scale in ppm and for H are
referenced to residual non-deuterated solvent resonances. Infrared absorption spectra were
recorded on a SHIMADZU. Iraffinity-1 CE FTIR spectrometer. Normal phase purifications by
column chromatography were carried out on silica gel 60 (230-400 mesh). Analytical reverse-
phase high-performance liquid chromatography (RP—-HPLC) was performed on an Agilent
1100 system equipped with a Discovery C18 reverse-phase column (5 cm x 4.6 mm, 5 ym)
with a flow rate of 1 mL/min and eluting with H,O/CH3;CN/HCOOH (95/5/0.05) to
H>O/CH3CN/HCOOH (5/95/0.05), over 6 min, holding at 95% CHsCN for 3 min, with detection
at 650 nm and by evaporative light scattering. High Resolution Mass Spectra (HRMS) were
performed on a Bruker 3.0 T Apex Il spectrometer. MALDI TOF MS were run on a Bruker
Ultraflextreme MALDI TOF/TOF with a matrix solution of sinapic acid (10 mg/mL) in

H>O/CHsCN/TFA (50/50/0.1).
2.2. Reagents

Trypsin (MW 23.4 KDa), bovine serum albumin (BSA), 6-mercaptohexanol (MCH), 2,2'-
(ethylenedioxy)diethanethiol (PDT) and 10x PBS were purchased from Sigma Aldrich (UK)
and used as received. Amino acids and the polystyrene resin with a 2-chlorotritylchloride linker
were purchased from GL Biochem (Shanghai) Ltd and NovaBiochem, and all other chemicals
from Sigma Aldrich and Acros. All reagents were of analytical grade. All solutions were

prepared using protease-free deionised water.



2.3. Experimental methods

2.3.1. Synthesis

The detailed synthetic experimental procedures are described in Appendix A: Supplementary

Data.

2.3.1. Electrode cleaning and pre-treatment

After immersing in the minimum volume of piranha solution (3:1-H>SO4 (95%): H202 (33%))
(CAUTION: piranha solution is strongly oxidising and should be handled with care!) for 10 min
in order to eliminate any organic matter from the gold surface, the working electrode was
successively polished on a polishing cloth using alumina slurries of 1, 0.3 and 0.05 ym particle
size (Buehler, Germany). This working electrode was then further cleaned by immersion in
H.SO4 (95%) and then HNO; (65%) at room temperature for 10 min. Finally, the working
electrode was subjected to cyclic voltammetry, carrying out potential cycles between 0 and
+1.6 Vin 0.1 M H,SO, at a scan rate of 100 mV-s? until the characteristic voltammogram of

clean polycrystalline gold was obtained.

2.3.2. Sensing phase preparation protocol

The sensing phase was formed as a mixed SAM on the gold electrode surface by immersing
the freshly cleaned and pre-treated gold working electrode overnight at 4 °C in a ethanolic
solution of the redox-labelled peptide (40 uM) and freshly prepared PDT (600 uM). After
washing with ethanol, the resulting SAM-modified electrode was immersed in 1 mM MCH in
ethanol for 1 hour at room temperature. Finally, two washing steps were carried out, first in
ethanol and then in phosphate-buffered saline (PBS). The modified electrodes were then

stored in PBS solution at 4 °C until use.

2.3.3. Sensor measurements

The modified electrodes were immersed in 1x PBS buffer solution (pH 7.4, optimum in terms

of trypsin catalytic activity) and electrochemically interrogated using square wave voltammetry



(SWV, at a frequency of 60 Hz, amplitude of 25 mV and step potential of 5 mV) until a stable
background signal was obtained. After addition of the target enzyme, the SWV signal was
continuously monitored with time, with the resulting signal gain being expressed as the relative
change in SWV peak current with respect to the initial peak current (henceforth called the %

signal change).

3. Results and discussion

3.1. Synthesis of the tripod and monoanchor probes

Figure 1A shows the tripod and the monoanchor peptide-based probes (TA-1 and MA-1). TA-
1 was synthesised (Scheme 1) through protecting trizma base with DTPM (2) [31], followed
by the addition of (3-bromopropoxy)-tert-butyldimethylsilane in the presence of NaH and the
removal of the TBS protecting groups to give 4. The resulting hydroxyl groups were
transformed into methylsulfonates which were displaced using potassium thioacetate to give
6. Hydrolysis (HCI/MeOH), then reprotection of the thiols with trityl groups, and amino group
deprotection with hydrazine gave the trialkylthiol anchor 9. The redox labelled peptide 10 (MB-
Phe-Arg-Arg-PEG-2-OH) was synthesised using Fmoc solid-phase chemistry on a
polystyrene resin with a 2-chlorotrytyl chloride linker as described in the Appendix A (Scheme
S2). This redox peptide was then coupled with the trialkylthiol anchor 9 to give the desired
probe TA-1. Synthesis of the corresponding MA probe followed the same protocol but starting

from ethanolamine (Appendix A, Scheme S1).
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Scheme 1. Synthesis of TA-1. Reaction conditions: i) DTPM-NMe2 1, MeOH, overnight; ii) (3-
bromopropoxy)-tert-butyldimethylsilane, NaH, DMF, 24 h; iii) TBAF, THF, overnight; iv)
MeSO2Cl, Et3N, DCM, 3 h; v) KSAc, anhydrous THF, overnight; vi) HCI/MeOH (1/4), 5 h,
reflux; vii) triphenylmethyl chloride, DCM, 3 h; viii) hydrazine monohydrate, 1 h; ix) MB-Phe-
Arg-Arg-PEG-2-COOH 10, HOBt, EDC, DMF, 24 h x) TFA/[EDT/water/TIS (94/2.5/2.5/1), 30

min.

3.2 Characterisation of tripod- and monoanchor-peptide SAMs

To investigate the ability of both MA-1 and TA-1 to produce an active sensing layer able to
support electrochemical protease detection, SAMs were prepared following a previously
described protocol, which involves ternary SAM formation using a combination of probe,
ethylene glycol-based dithiol and mercaptohexanol, previously optimised for generating a

monodentate-based SAM for protease detection [30]. The successful formation of both redox



active SAMs on the gold surface was confirmed by cyclic voltammetry (CV), which showed a
linear dependency of the measured MB peak current on the scan rate (in the range 10-200
mV/s), confirming that the electrochemical response is due to surface-bound redox species
(Figure S1). Both TA and MA modified surfaces (referred to as the TA and the MA-sensor)
were then challenged with trypsin. The initial current values measured by square wave
voltammetry (SWV) were -1.9 £ 0.5 (n=19) and -6 + 2 YA (n=14) for the MA and TA-sensors
respectively. This is consistent with a higher amount of TA probe on the surface due to its
increased binding energy relative to the backfilling molecules (ethylene glycol-based dithiol
and mercaptohexanol) arising from multiple thiol-Au anchoring. Continuous electrochemical
interrogation of both sensing layers by SWV showed the expected decrease of the registered
current intensity with time in each case, due to trypsin catalysed cleavage and the release of
the redox-containing fragment into solution (Figure 1B). It is interesting that the percentage
change in peak current after 90 min was the same within experimental error, 56 + 8% and 58
+ 4%, for MA-1 and TA-1 layers, respectively. Additionally, the percentage signal change for
TA-1 also followed the Michaelis-Menten kinetics model previously established for MA-1,
which describes the heterogeneous enzymatic cleavage of the methylene blue-tagged
peptides (Figure 1B, insert) [30]. Fitting to this previously proposed model allowed extraction
of the effective cleavage rate constant (ker) values of 0.077 + 0.005 and 0.038 + 0.002 min?
respectively for MA-1 and TA-1, through relating the fractional cleavage of the immobilised
MB-tagged probe (8) with time through the equation: 8 = 1 — e**™ (Eq. 1). This suggests that
the MA-1 probe film structure and density results in slightly faster enzymatic cleavage than
the TA-1. However, this did not result in a significant difference in overall signal change within
the 90 min observation period. That the % signal change did not reach 100% again indicates
the presence of non-accessible/non-cleavable probes, previously attributed to be a

consequence of the polycrystalline gold roughness [32].
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Figure 1. (A) Representation of the triple and monoanchor probes (TA-1 and MA-1)
immobilised onto a gold surface electrode. (B) Percentage MB peak current change with time
upon the addition of trypsin for the TA-1 (green circles) and MA-1 surface layers (orange
squares). Insets show the calculated fraction of cleavage, 6, vs time plot, and best fit to
equation (1) [30]. All points and error bars represent the average and standard deviation

respectively of the response from 3 individual sensing layers.

The electron transfer (ET) kinetics exhibited by both probe films were compared using SWV
data recorded at varying frequencies and the Komorsky-Lovri¢-Lovri¢ formalism for surface-
tethered redox species [33, 34]. Plotting the (I/f) relation vs (1/f) (where f is the interrogating
frequency, and | the measured redox peak height) showed a maximum, or critical frequency,
fc, which is related to the ET rate (ks) through ks = @max fc (EQ. 2), with omax being a theoretically
calculated kinetic parameter (1.18 in this particular case) [33]. The resulting values of
maximum frequency corresponded to a ks of 70.8 s for the MA-1 probe (Figure 2A) and 82.6
s for the TA-1 probe (Figure 2B). From these data, it can be concluded that both probes
support efficient electron transfer with comparable ET rates in the buffer solution used
throughout this work, PBS 1x (pH 7.4). The observed ks values are also comparable to those

previously reported for equivalent systems [23, 35].



(A) 1/f=0.0167 = f, = 60 Hz

Figure 2. SWV normalised to the corresponding frequency, f, at which they were recorded
versus 1/f in PBS for (A) MA-sensor and (B) TA-sensor using an amplitude of 25 mV and a

step potential of 5 mV.

3.3. Analytical performance comparison for tripod- and monoanchor-peptide SAMs as
electrochemical platform for trypsin detection.

In order to evaluate the analytical characteristics of both probes, MA-1 and TA-1 modified
surfaces were immersed in solutions containing varying concentrations of trypsin (1-100 nM)
in PBS. The electrochemical signal measured by SWV was monitored in real-time and the
peak current expressed as % signal change for 90 min. As expected, the higher the enzyme
concentration in solution, the faster the % signal change that was registered - in line with faster
proteolytic cleavage of the methylene blue-tagged peptide immobilised on the gold electrode
(Figure 3). Plotting the % signal change at 90 min, taken as a practical maximum timescale of
detection, against the concentration of trypsin showed a linear relationship, allowing both
sensing platforms to be evaluated and compared (Figure S2). It is worth noting that the signal
can be taken at shorter times, and thus, allowing tuning of the time-to-signal to the required
sensing concentration range depending on the specific requirements for each application, with
potentially faster detection. The analytical characteristics are given in Table 1. The limits of
detection (LOD), calculated as the signal corresponding to the blank minus 3 times the

standard deviation for the blank and the dynamic ranges were of the same order of magnitude,



confirming the ability of the tripod anchor probe to provide a suitable sensing platform for
trypsin. Furthermore, the tripod probe signal was shown to be sufficiently stable to preclude
the need to measure and subtract a negative control response, thereby simplifying analysis at

low analyte concentration.
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Figure 3. Percentage MB peak current change with time upon the addition of varying trypsin

concentrations (0, 1, 10, 25 and 100 nM) for (A) MA-1 and (B) TA-1 modified surfaces.

Table 1. Analytical characteristics of MA-1 and TA-1 sensors for trypsin detection.

CV% for CV% for
Sensor LOD (nM) Measured range (nM)

[trypsin]=100 nM [trypsin]=25 nM
MA-1 2.3 1-100 9 5.3
TA-1 1.2 1-100 6.6 3.3

CV%: coefficient of variation.
3.4. Stability evaluation for tripod- and monoanchor-peptide SAMs

The stability of the TA-1 probe film sensors was assessed in terms of thermal and chemical

stability and compared to the analogous monoanchor MA-1 system. Stability at 4 °C in PBS



was evaluated periodically over 30 days by measuring the SWYV signal. As shown in Figure
4A, the TA-1 system exhibited enhanced storage stability when compared to the MA-1 system.
This was observed both in the first 15 days, when TA-1 underwent around half the signal loss
of MA-1, and in an essentially unaltered response subsequently up to 30 days, in contrast to
MA-1. Immersion in PBS at 40 °C for 2 h and periodically measuring the SWYV signal (Figure
4B) also showed enhanced TA-1 stability, with the MA-1 signal decrease of 45% at 2 h,
contrasting with the 20% registered for TA-1. Both TA and MA-sensors when challenged with
PBS containing 2 mM DTT showed that the TA-sensor was totally stable, whereas there was
continuous drop in signal for the MA-sensor (Figure 4C). This suggests that TA confers SAM-
based sensors enhanced stability against competing reducing thiols that can be present in

real samples, such as glutathione, or cysteine-rich proteins.
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Figure 4. Percentage signal change registered for TA-1 (green circles) and MA-1 (orange
squares) probe films when (A) stored in PBS at 4 °C for 30 days; (B) immersed in PBS at 40

°C for 2 h; and (C) immersed in PBS containing 2 mM DTT at room temperature.

Overall TA-based sensors show enhanced stability under all tested conditions, arising from
the enhanced affinity that the triple anchor has once bound to the gold surface. Furthermore,
tripod-modified surfaces rendered appropriate outputs upon enzyme exposure after each of
the stability conditions tested in terms of absolute value and reproducibility (Figure S3).This
outcome is in-line with previously reported multi-anchoring systems such as used for DNA-

based electrochemical sensors [23], optical biosensors [17] or hanoparticle decoration [36],



although this is the first time this has been applied to peptide-based electrochemical

biosensors.

4. Conclusions

In summary, a methylene blue-tagged peptide-based probe endowed with a triple anchor was
generated, immobilised onto a gold electrode surface, and employed for the detection of
protease activity. The resulting SAMs displayed improved long-term, thermal and chemical
stability compared to the more traditional single anchor strategies, resulting in a more stable
background signal with time and comparable analytical performance when compared to their
monoanchor analogue. This results in a lower limit of detection and also voids the requirement
for the measurement and subtraction of the background (negative control) response. The
broader application of the proposed triple anchor will provide a versatile tool for the
development of robust electrochemical sensors for various bio-sensing applications and their
use in real complex samples, particularly where they have to be stored for a significant period

of time between their manufacturing and their usage dates.
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Captions for figures and tables

Scheme 1. Synthesis of TA-1. Reaction conditions: i) DTPM-NMe2 1, MeOH, overnight; ii) (3-
bromopropoxy)-tert-butyldimethylsilane, NaH, DMF, 24 h; iii) TBAF, THF, overnight; iv)
MeSO2Cl, Et3N, DCM, 3 h; v) KSAc, anhydrous THF, overnight; vi) HCI/MeOH (1/4), 5 h,
reflux; vii) triphenylmethyl chloride, DCM, 3 h; viii) hydrazine monohydrate, 1 h; ix) MB-Phe-
Arg-Arg-PEG-2-COOH 10, HOBt, EDC, DMF, 24 h x) TFA/EDT/water/TIS (94/2.5/2.5/1), 30

min.

Figure 1. (A) Representation of the triple and monoanchor probes (TA-1 and MA-1)
immobilised onto a gold surface electrode. (B) Percentage MB peak current change with time
upon the addition of trypsin for the TA-1 (green circles) and MA-1 surface layers (orange
squares). Insets show the calculated fraction of cleavage, 6, vs time plot, and best fit to
equation (1) [30]. All points and error bars represent the average and standard deviation

respectively of the response from 3 individual sensing layers.

Figure 2. SWV normalised to the corresponding frequency, f, at which they were recorded
versus 1/f in PBS for (A) MA-sensor and (B) TA-sensor using an amplitude of 25 mV and a

step potential of 5 mV.

Figure 3. Percentage MB peak current change with time upon the addition of varying trypsin

concentrations (0, 1, 10, 25 and 100 nM) for (A) MA-1 and (B) TA-1 modified surfaces.

Table 1. Analytical characteristics of MA-1 and TA-1 sensors for trypsin detection.



Figure 4. Percentage signal change registered for TA-1 (green circles) and MA-1 (orange
squares) probe films when (A) stored in PBS at 4 °C for 30 days; (B) immersed in PBS at 40

°C for 2 h; and (C) immersed in PBS containing 2 mM DTT at room temperature.



