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The use of synthetic bioreceptors to develop biosensing platforms has been recently gaining momentum. This
case study compares the performance of a biosensing platform for the human biomarker urokinase-type plas-
minogen activator (h-uPA) when using two bicyclic peptides (P; and Py) with different affinities for the target
protein. The bioreceptors P; and P, were immobilized on magnetic microbeads and tested within a sandwich-
type affinity electrochemical assay. Apart from enabling h-uPA quantification at nanomolar levels (105.8 ng/
mL for P; and 32.5 ng/mL for Py), this case study showed the potential of synthetic bicyclic peptides applicability
and how bioreceptor affinity can influence the performance of the final sensing platform.

1. Introduction

Recent advances in the in vitro and in silico screening methods for the
selection of biomolecules against specific targets and the characterisa-
tion of the biomolecule/target complexes allow designing a wide variety
of high-affinity bioreceptors, such as aptamers, peptides, nanobodies,
peptide nucleic acids (Daems et al., 2021; Liu et al., 2018; Xu et al.,
2021). Despite the technological advances, selection processes are still
one of the main demanding challenges in the development of biosensing
platforms. These processes can be reiterated several times, starting from
different libraries and using various methodologies, with the risk of
getting framed in a “never-ending” quest for the best possible bio-
recognition element. To avoid this loop, we need to develop studies and
methodologies able to answer the following questions: to what extent
should we improve the bioreceptor affinity? how do these improvements
modify the biosensor response in terms of sensitivity/selectivity?

Peptides have been successfully applied as bioreceptors in a wide
variety of biosensing platforms (mainly electrochemical, electro-
chemiluminescent, photoelectrochemical, and optical) to monitor metal
ions, small-molecules as well as enzymes, antibodies, and even bacteria
(Guida et al., 2018; Puiu and Bala, 2018). The advances in peptide se-
lection, synthesis, and bio-conjugation/immobilization in biosensing
platforms or arrays are contributing to the development of

peptide-based sensors for clinical diagnostics (Xiao et al., 2018). Among
these, portable electrochemical peptide-based sensors, aimed at moni-
toring biomarkers in biological fluids, showed promising results in terms
of high selectivity and sensitivity (Campuzano et al., 2020; Wang et al.,
2020). Peptide bioreceptors can fold in compact structural motifs
shaping highly stable nanosized architectures and enabling a highly
selective and sensitive recognition of specific analytes at subnanomolar
levels, as we recently reviewed (Sfragano et al., 2021). In particular,
bicyclic peptides have greater conformational rigidity and metabolic
stability compared to linear and monocyclic peptides, thus enabling the
recognition of challenging targets with antibody-like affinity and spec-
ificity (Karimzadeh et al., 2018; Rhodes and Pei, 2017). An in-depth
understanding of the interaction mechanism between bicyclic peptides
and their target molecules in the complex adduct is required prior to
designing the biosensor architecture, as previously described for other
bioreceptors, such as nanobodies and aptamers (Daems et al., 2021).
Differences in bioreceptor affinities can deeply affect the performance of
the final biosensing platform, as exemplified in this work.

Here, we investigated and compared the performance of two bicyclic
peptides, as novel synthetic receptors, targeting the biomarker human
urokinase-type plasminogen activator (h-uPA) (Angelini et al., 2012a).
h-uPA is an extracellular protease involved in the plasminogen activator
system together with the urokinase-type plasminogen activator receptor
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Fig. 1. Schematic of the biosensing assay. The magnetic microbeads (MB) modified with streptavidin are first functionalized with the biotinylated bicyclic peptides.
Then, the MB are incubated with h-uPA spiked samples to allow the formation of the peptide-biomarker complex. Once the complex is immobilized at the MB surface,
after several washing steps, the anti-uPA is added, followed by the secondary antibody (Ab,) conjugated with alkaline phosphatase (AIkP), the labelling system. As
the final step, the functionalized microbeads are immobilized on the surface of a disposable screen-printed sensor and 1-naphthyl phosphate is added in solution and
converted to 1-naphthol by AlkP. The oxidation current of 1-naphthol is recorded by differential pulse voltammetry (DPV).

and plasminogen activator inhibitors 1 and 2. This system is related to
various physiological and pathophysiological processes, from the
degradation of extracellular matrix proteins to cancer progression and
metastasis or incidence of cardiovascular diseases in haemodialysis pa-
tients (Mahmood et al., 2018; Mekkawy et al., 2014; Zhai et al., 2022).
High levels of h-uPA can be associated with metastatic events and
shorter survivability times. Moreover, the uPA system contributes to
cardiovascular disease (CVD) in patients on haemodialysis (HD) and
alteration of its functionalities might be related to COVID-19 side-effects
(Chalkias et al., 2020; D’Alonzo et al., 2020; Middeldorp et al., 2020;
Zanza et al., 2021).

The bicyclic peptides, namely P; and Py, capable of binding the
catalytic sites of h-uPA were chemically synthesized and tested as bio-
receptors to develop a sandwich-type affinity electrochemical assay for
h-uPA, as schematically summarized in Fig. 1. P; and Py offer two

binding sites for h-uPA, and bear a biotinylated linker to allow direc-
tional and uniform immobilization on streptavidin-coated magnetic
microbeads (MBs). After incubating with the h-uPA spiked samples, the
peptide-functionalized MBs were incubated with a primary antibody
(Ab;), which selectively recognises complementary h-uPA sites. In a
second step, they were incubated with a secondary antibody (Abs)
conjugated with alkaline phosphatase (AlkP) serving as the labelling
system. The conjugate MB-P; o 2-[h-uPA]-Ab;-Aby-AlkP complex was
then magnetically immobilized at disposable screen-printed electrodes
and 1-naphthyl phosphate was added in solution and converted to 1-
naphthol by AlkP. The concentration of h-uPA was correlated to the
current intensity of the oxidation peak of 1-naphthol, obtained by dif-
ferential pulse voltammetry (DPV). The different responses of the bio-
sensing platform employing P; or P, suggested that different kinetics are
governing the recognition event. The biosensing platform, which was
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Fig. 2. (a) Surface representation of h-uPA (white) in complex with P, (light green) with a zoom-in P; binding site. (b) Schematic representation of the chemical
structure of biotinylated bicyclic peptide P;. Because the C-terminal end of P; and P, are freely accessible when in complex with h-uPA, as previously determined by
X-ray crystallography (Angelini et al., 2012a), the biotin was linked to this end of the molecules.
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tested with a portable instrumentation, showed the potential and reli-
ability of monitoring h-uPA in serum samples.

2. Experimental section
2.1. Materials and reagents

The low-molecular-weight human urokinase plasminogen activator
(LMW-h-uPA) depicted in Fig. 2a was recombinantly produced as pre-
viously reported (Angelini et al., 2012a). Diethanolamine, non-ionic
surfactant polyoxyethylene-20-sorbitan monolaurate (Tween 20),
streptavidin-conjugated AlkP, 1-naphthyl phosphate disodium salt,
D-biotin, NapHPO4-12H20, KHyPO4, KCl, HCl, MgCl,, NaCl, tris
(hydroxymethyl)aminomethane hydrochloride (TRIS-HCl), 4-(1,1,3,
3-Tetramethylbutyl)phenyl-polyethylene glycol solution (Triton X-100),
ethylenediaminetetraacetic acid (EDTA), Bovine Serum Albumin,
Human Serum, Rink Amide AM resin, Fmoc-PEG Biotin resin, all amino
acids required, anisole, dimethylformamide (DMF), dichloromethane
(DCM), benzotriazol-1-yloxytripyrrolidinophosphonium hexa-
fluorophosphate (PyBOP), N-methyl-2-pyrrolidone (NMP), triisopro-
pylsilane (TIPS), anisole/1,8-octandithiolo, thioanisole, (NH4)2COs,
tert-butyl-1,3,5-tris(bromomethyl)benzene (TBMB), piperidine,
N-methylmorpholine (NMM), ethanol, acetic anhydride, diethyl ether,
trifluoroacetic acid (TFA), methyl tert-butyl ether (MTBE), and the
Anti-Rabbit IgG AlkP-conjugated antibody Ab, were purchased from
Sigma-Aldrich (Merck KGaA group, Italy). NaH2POa, H.NaO4P, aceto-
nitrile (ACN, LC-MS grade), and formic acid were purchased from
CARLOERBA (Milan, Italy). Dynabeads® MyOne™ Streptavidin C1
magnetic microparticles (MB) and the Urokinase Polyclonal Antibody
Ab; were purchased from Invitrogen™-Thermo Fischer. The graphite
screen-printed electrodes (G-SPE; DS110) were purchased from Met-
rohm (Italy). The ultra-pure Milli-Q water used throughout the analyses
was obtained with the Millipore system (Merck) and had a resistivity of
18.2 MQ cm. The phosphate buffer saline (PBS) at pH 7.4 was prepared
by mixing 0.136 M NaCl, 2.68 mM KCl, 3.97 mM NayHPO4-12H,0, and
1.46 mM KH3POj4. The binding and washing buffer (B&W) at pH 7.5 was
obtained by mixing 10 mM Tris-HCl, 1 mM EDTA, and 2 M NaCl. The
DEA buffer at pH 9.6 was made by adding 0.1 M diethanolamine, 0.1 M
KCl, and 1 mM MgCl; in an aqueous solution. To each of these buffers, a
0.01% (v/v) Tween 20 was added to obtain other buffers, namely PBS +
T, B&W-1x + T, and DEA + T. The B&W-1x + T was prepared by diluting
the B&W-2x + T buffer (1:2 ratio).

2.2. Chemical synthesis of bicyclic peptides

Linear peptides were synthesized on the MultiPep RSi (Intavis) by
standard Fmoc solid-phase peptide synthesis on a Rink Amide AM resin
for the bicyclic peptides and a Fmoc-PEG Biotin resin for the bio-
tinylated counterparts. The coupling was carried out twice for each
amino acid (6 eq., 0.4 M solution in DMF) using the PyBOP/NMM
coupling system (5.5 eq. 0.4M/9 eq. 4 M in DMF). Fmoc groups were
removed using a 20% (v/v) solution of piperidine in DMF. The final
peptide was deprotected and cleaved from the resin using a TFA/ani-
sole/1,8-Octandithiolo/Thioanisole/H,O mixture (90/2.5/2.5/2.5/2.5
v/v) for 3 h under shaking at room temperature. The peptide was
precipitated with ice-cold diethyl ether (50 mL), then collected by
centrifugation (10 min, 4000 rpm, 5 °C), washed twice with diethyl
ether (20 mL) and lyophilized (LIO-5PDGT). Finally, the crude peptide
(1 mM) was dissolved in 70% v/v 20 mM NH4HCO3, pH 8.0 and 30% v/v
ACN and reacted with TBMB (1.5 mM) for 1 h at 30 °C (Angelini et al.,
2012b). The crude reaction was purified by a preparative reversed-phase
high-performance liquid chromatography (RP-HPLC) on a C18 column
(19 x 150 mm) to obtain the final bicyclic peptides, P; and P, (Fig. 2b).
The mobile phase was performed with a linear gradient of solvent B
(99.9% v/v ACN, 0.1% v/v TFA) in solvent A (99.9% v/v H30, 0.1% v/v
TFA) from 10 to 90% in 35 min. The collected fractions were
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Fig. 3. Comparison of the residual activities of human h-uPA incubated with
different concentrations of P; (blue) and P, (red). The average value of at least
three measurements is reported as mean + s.d. (bars). In the inset, the values of
ICs are provided.

freeze-dried and the molecular mass of each peptide was determined by
electrospray ionisation mass spectrometry (ESI-MS) performed on a
single quadrupole liquid chromatograph InfinityLab LC/MSD mass
spectrometer (Agilent Technologies) coupled to a 1260 Infinity II LC
system (Agilen Technologies t). The reversed-phase HPLC column was a
Nucleosil 100-5 C18 (5 pm, 125 mm x 4 mm; Macherey-Nagel). The
system operated with the standard ESI source and in the positive ion-
isation mode. For mass spectrometric analysis, the samples were mixed
with 50% v/v ACN, 50% v/v Hy0. Peptides were run at a flow rate of 1
mL/min with a linear gradient of solvent B over 15 min (solvent A:
99.9% v/v H0 and 0.1% v/v formic acid; solvent B: 99.9% v/v ACN and
0.1% v/v formic acid). Data were acquired, processed and analysed
using the Agilent OpenLAB CDS (Agilent Technologies) and MestReNova
(Mestrelab Research). MS analysis for P; (MW: 2574.1 g/mol): calcu-
lated [M+2H]?t = 1288.1, observed [M+2H]*" = 1288.5; calculated
[M+3H]3* 859.0, observed [M+3H]3" 859.4; calculated
[M+4H]*" = 644.5, observed [M+4H]*" = 644.8. MS analysis for Py
(MW: 2553.98 g/mol): calculated [M+2H] 2+ = 1277.9, observed
[M+2H]*" = 1277.6; calculated [M+3H]*" = 852.3, observed
[M+-3H]3+ 852.1; calculated [M-+4H]** 639.5, observed
[M+4H]*" = 639.4. The sequence and the structure of P cannot be
disclosed at the moment as it is patent-pending.

2.3. Determination of inhibitory activity and specificity of bicyclic
peptides

The inhibitory activity of P; and P5 bicyclic peptides was assessed by
monitoring the residual activity of h-uPA in the presence of different
concentrations of an inhibitor and a fluorogenic substrate (Z-Gly-Gly-
Arg-AMC, Bachem), as shown in Fig. 3. Residual activity is quantified by
monitoring the release of fluorescent 7-amino-4-methylcoumarin (AMC)
which excites at 360-380 nm and emits at 440-460 nm. The peptide
inhibitory activity was measured incubating 15 nM h-uPA with 50 pM
fluorogenic substrate and two-fold peptide dilutions (0 nM, 0.12 nM,
0.24 nM, 0.48 nM, 0.97 nM, 1.95 nM, 3.9 nM, 7.81 nM, 15.6 nM, 31.2
nM, 62.5 nM, 125 nM, 250 nM, 500 nM, 1000 nM, 2000 nM). All re-
agents were previously diluted in Buffer R* (10 mM TRIS-HCI, pH 7.4,
150 mM NacCl, 10 mM MgCl,, 1 mM CaCly, 1% w/v BSA, and 0.1% v/v
Triton-X100). Measurements were performed on a Tecan microplate
reader at room temperature, for 30 min, under shaking with an excita-
tion wavelength of 355 nm and an emission recording at 460 nm
(Angelini et al., 2012a).
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2.4. Preparation of bioreceptor-functionalized magnetic beads

The biotinylated peptides P; and P, were immobilized at
streptavidin-coated magnetic beads (MBs). The commercially available
MBs used in this work have an expected diameter of 1 pm, as specified in
the manufacturer’s technical sheet, and have already been used for the
development of an electrochemical assay for nucleic acid and protein
detection (Baydemir et al., 2016). 25 pL of MBs were pipetted into a 1.5
mL vial, followed by three washing steps with B&« W-2x, B&W-1x + T and
PBS + T, respectively, using a magnetic rack to collect and isolate them
from the buffer. 200 pL PBS containing 1 pL of 2 mg/mL biotinylated
bicyclic peptide (770 pmol) were added to the suspension of the MBs.
After 30 min of incubation under continuous mixing, the MBs were
washed twice with PBS + T. To block the potentially remaining active
sites of streptavidin, the modified-MBs were incubated with a 1 mM
biotin solution in PBS. Finally, after a washing step with PBS + T, the
MBs were re-suspended in 200 pL of PBS + T and stored at +4 °C.

2.5. Analytical protocol for sandwich-type affinity electrochemical assay
for h-uPA

The bicyclic peptide-modified MBs described above were washed
once with PBS and then incubated for 20 min with h-uPA spiked samples
in PBS, under continuous mixing. Two washing steps with PBS + T and
one with PBS followed. 2 pg/mL of Ab; in PBS were incubated with the
modified MBs for 15 min. After two subsequent washing steps with DEA
+ T and one with DEA, the beads were incubated again for 15 min with a
2 pg/mL solution of Ab, in DEA. 2 final washing steps with DEA + T and
2 with DEA completed the procedure, and the beads were resuspended
in 50 pL of DEA. 10 pL of the resuspended modified-MBs were
magnetically immobilized at disposable screen-printed carbon elec-
trodes and incubated for 5 min with a 0.5 mg/mL 1-naphthyl phosphate
solution in DEA. Overall, the assay as described above can be performed
in 1 h. Then, DPV measurements can be carried out, and only a couple of
minutes are required to record the electrochemical readout.

3. Results and discussion
3.1. Comparison of P; and P, binding affinity

The performances of the biosensing platform were tested by
employing two bicyclic peptides, namely P; and Ps. These synthetic
receptors are capable of selectively binding the active site of h-uPA, thus
enabling a specific recognition of its active form (Angelini et al., 2012a).
The inhibitory activity of P; and P, was assessed by monitoring the re-
sidual activity of h-uPA with different concentrations of inhibitor and in
the presence of a fluorogenic substrate, as shown in Fig. 3. The deter-
mined ICsq values (79 + 3 for P; and 10.6 + 0.4 for Py) were then used
to obtain the inhibitory activity constant (Kj) of both bioreceptors. Py
showed a Kj of 55 + 8 nM, whereas P, revealed a K; of 7.4 + 0.9 nM. The
amino acid sequences of P; and P; vary by solely four residues (Fig. 2),
but even such a small variation in the sequence can deeply influence the
affinity of the peptide toward their target accounting for the ~7-fold
difference observed in the K; values. The values of K are related to the
binding affinity: the smaller the Kj, the greater the binding affinity to-
wards its ligand. Although both showed good inhibitory activity, the
ICsp values imply that the concentration of P; needed to inhibit an equal
concentration of h-uPA is less than half the concentration required when
using P;. Therefore, these results show that: i) even though the amino
acid sequences are quite similar, their binding affinity for h-uPA is
significantly different; ii) P5 has a greater affinity for h-uPA compared to
P;. The preliminary ICsg characterisation led us investigating the pos-
sibility to test and compare the two sequences, although their affinity
towards the target protein differs within a relatively narrow range.
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Fig. 4. Calibration plots of P1 (blue squares) and P2 (red dots) compared in the
same linear region 0.0-0.5 pg/mL.

3.2. Pj and P, performances in the biosensing platform

Both biotinylated P1 and P2 were integrated as biorecognition ele-
ments in the biosensing platform by employing the same experimental
conditions, which allowed comparing the two datasets obtained and
evaluating whether the biosensing platform would give a different
response in the presence of slightly different amino acid sequences. All
measurements were performed in triplicate, as described in Section 2.5.
In particular, the calibration plots were obtained by measuring the
oxidation current of 1-naphthol produced enzymatically by means of
DPV. In Fig. 4, the Ai represents the difference between the oxidation
current of 1-naphthol measured at a specific h-uPA concentration and
the corresponding current measured in the blank sample. The two
calibration plots were interpolated by linear regression in the range from
0.0 pg/mL to 0.5 pg/mL. The comparison between the linear trends
obtained with both bicyclic peptides makes the difference in the per-
formance of the two biosensing platforms evident. The slope of the plot
relative to P, was found to be 16.0 &+ 0.9, which was three times higher
than that of P; (of about 5.2 + 0.3). This evidence suggests distinct
sensitivities of the two platforms. The LODs were estimated considering
the average response of the blank plus 3-times its standard deviation,
thus providing 105.8 ng/mL and 32.5 ng/mL for P; and Py, respectively.
Such a discrepancy can be ascribed to the different affinity of the two
bioreceptors for h-uPA. In other terms, two similar bicyclic peptides
with only a few differences in the amino acid sequence can exhibit a
meaningfully different response in the overall outcome of the analytical
assay.

3.3. Assessing the matrix effect

The main advantage when using magnetic beads lies in the ease of
extraction procedure of the analyte that significantly reduces the matrix
effect (ME). Once the analyte is captured onto the beads, it is magneti-
cally removed from the matrix and the remaining steps of the assay can
be carried out in buffer solution. As a proof-of-concept, ME was evalu-
ated by comparing the signals obtained in buffer solution with those
obtained in 10-fold diluted human serum spiked with h-uPA in the
concentration range 0-10 pg/mL, thus covering three orders of magni-
tude. In particular, the ME% was calculated by multiplying 100 times
the ratio between the signal of 1-naphthol obtained in spiked serum and
the corresponding signal obtained in buffer solution (Caban et al., 2012;
Matuszewski et al., 1998). The closer this value is to 100%, the lesser the
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Fig. 5. (a) DPV recorded in buffer (dashed line —) and diluted serum (solid line —) at different h-uPA concentrations (b) Matrix effect expressed in percentage (ME

%) per each h-uPA concentration tested.

matrix influences the analysis. The 96% value in ME% obtained for the
blank sample, in absence of h-uPA, suggests an almost identical
behaviour of the platform against nonspecific binding in buffer solution
and diluted serum (Fig. 5 a-b). In the presence of h-uPA, a ME% > 80%
was found in the investigated concentration range. Therefore, it can be
assumed that, although the matrix appears to affect the performance of
the platform, its influence is significantly reduced.

4. Conclusions

In this case study, the development of a biosensing platform to detect
the cancer biomarker h-uPA by employing synthetic receptors, based on
selected bicyclic peptide sequences, coupled with antibodies is
described. A magnetic beads-based sandwich assay combined with an
electrochemical readout was tested using two bicyclic peptides, P; and
P,, whose sequences differ only by 4 amino acids. A ~7-fold difference
in the Kj values was found for Py compared to P; and ascribed to the
variation in the amino acid chain. Calibration plots were obtained with
both peptides, showing that the difference in the binding affinity results
in a deep change in the biosensor performances in terms of sensitivity,
particularly for low h-uPA concentrations (<0.1 pg/mL). The applica-
bility of this sensing platform was further tested in diluted serum sam-
ples observing a limited matrix effect with ME% > 80% in the
concentration range investigated. This case study highlights that the
affinity constant towards the target might lead to major discrepancies in
the overall reliability of the biosensing platform. Therefore, it is
extremely important to test and compare different peptide sequences
and correlate their affinities with their performance as bioreceptor once
integrated in the biosensor architecture. The results of this study also
suggest that: i) when a biosensing platform showed poor performance
(especially in terms of sensitivity), one should consider investing in the
improvement of the bioreceptor selection; ii) if the biosensor can detect
the target in the concentration range of interest with a good sensitivity/
selectivity/reproducibility, there is no need to reiterate the selection
process. Compromising between the selection of high-affinity bio-
receptors and the design of a biosensing platform able to answer specific
analytical queries is instrumental to the rapid development of point-of-
care diagnostics. In particular, bicyclic peptide-based sensing strategies
seem to be very promising thanks to their stability, limited production
costs and high performance. Eventually, we would also like to stress the
importance of synthetic receptors in the development of biosensing
platforms, as their use is recently gaining momentum. The selected
bicyclic peptides employed in this work are an example of what next-
generation biosensing platforms might look like, regardless the fact
whether a labelling system is also employed or not (e.g. optical-based

technology, such as surface plasmon resonance, SPR, technology does
not need it). In fact, the use of synthetic receptors, other than aptamers,
might help limiting or (in the best-case scenario) avoiding the use of the
“natural” ones, which might not be commercially available for a specific
target and/or, when they are, they might be expensive, difficult to
obtain and purify in high amount.
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