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ARTICLE INFO ABSTRACT

Keywords: A label-free optical biosensor based on porous silicon (PSi) was developed for the high-sensitivity detection of

In silico study human cardiac troponin T (cTnT), a key biomarker for the early diagnosis of myocardial infarction (MI). To

PNA bio-probe reduce synthesis costs while maintaining binding efficiency, a truncated peptide nucleic acid (PNA) probe was

PSi optical trz?nsducer N designed in silico starting from a 40-base-long wild-type sequence. Computational screening identified a 12-base

Surface chemical functionalization " L . A . | i
candidate, whose binding affinity was experimentally validated by Western blot analysis. The freshly etched PSi
surface was passivated and functionalized via mild thermal hydrosilylation with 10-undecenoic acid to introduce
carboxylic groups, enabling covalent PNA immobilization through the carbodiimide chemistry. Surface func-
tionalization and stability in aqueous media were validated using both label-free optical reflectance and fluo-
rescence spectroscopy. Probe conjugation was optimized at pH 5.5, resulting in a surface density of 1.12 + 0.30
pmol ecm 2 The biosensor exhibited reproducible, concentration-dependent responses to ¢TnT in the 0.02-0.16
ng mL ™! range, with a limit of detection of 0.030 + 2.0 x 1 0 ~° ng mL™!. This performance is clinically relevant,
as cTnT levels in healthy individuals are typically <0.01 ng mL™?, while MI patients often exceed 10 ng mL},
reaching >100 ng mL ! in severe cases.

Label-free cardiac troponin T detection

1. Introduction exacerbating overcrowding [1,2]. Timely diagnosis is critical to reduce
mortality rates and prevent irreversible cardiac tissue damage. How-

Myocardial infarction (MI) is a leading cause of global mortality and ever, conventional diagnostic methods, such as ELISA assays for cardiac

a major contributor to emergency department visits, significantly troponin detection, require centralized laboratories, specialized
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personnel, and long response times, significantly delaying clinical triage
and limiting, in some cases, timely therapeutic intervention [3,4]. In this
context, point-of-care (PoC) devices provide a promising solution for
rapid and accurate diagnosis, helping to alleviate the hospital burden,
particularly in cases of false alarms, and enabling decentralized testing
outside traditional clinical settings [5]. The COVID-19 pandemic further
underscored the importance of rapid diagnostic tools for large-scale
emergency management [6-8]. Nevertheless, the adoption of PoC tests
for MI remains limited, mainly due to high production and imple-
mentation costs [9]. Developing affordable and accessible diagnostic
devices could significantly improve emergency department efficiency,
support decentralized care models, and ensure timely treatment for
patients [10]. This study presents the design and proof-of-concept
development of a low-cost, label-free biosensing platform for the
detection of human cardiac troponin T (cTnT) as a model biomarker of
MI. High-sensitivity cardiac troponins (cTnT and cTnl) are currently
recognized as the most specific and sensitive biomarkers for detecting
myocardial injury and diagnosing MI, reflecting the release of structural
proteins unique to cardiomyocytes and strongly associated with
myocardial damage [11-13]. The troponin complex consists of three
regulatory proteins, troponin C (cTnC), troponin I (cTnl), and troponin T
(cTnT), that mediate calcium-dependent muscle contraction. The
cardiac-specific isoforms of ¢Tnl and c¢TnT are structurally distinct from
their skeletal counterparts, enabling selective detection of myocardial
injury [14,15]. During MI, both proteins are released into circulation as
a mixture of intact, truncated, and complex-bound isoforms due to
proteolytic degradation processes. The true elimination half-life of the
intact forms has been estimated to be a few hours, although circulating
levels may remain elevated for an extended period as a result of
continuous myocardial release [13,14].

In particular, cTnT shows extremely low serum concentrations in
healthy individuals (<0.01 ng mL 1) but rises sharply after myocardial
injury, often exceeding 10 ng mL ™! and reaching >100 ng mL! in se-
vere infarction [16].

Although some analytical differences between ¢TnT and cTnl have
been reported, modern high-sensitivity assays provide comparable
clinical performance, and both biomarkers offer complementary diag-
nostic information depending on the clinical context [11,15,17].

In this proof-of-concept study, full-length c¢TnT was selected as a
model biomarker owing to its structural complexity, the availability of
well-characterized binding sequences, and its ready accessibility as a
purified reference analyte, facilitating probe design and analytical
validation.

However, one of the main challenges in designing biosensors is the
selection of the bioprobe, which must be specific, stable, and low-cost.
Conventional bioprobes, such as antibodies and DNA-based probes,
have limitations related to denaturation, variability, high-cost produc-
tion, and susceptibility to enzymatic degradation, reducing their effec-
tiveness in real diagnostic settings [18].

To overcome these issues, interest in synthetic analogs of oligonu-
cleotides, such as Peptide Nucleic Acids (PNAs), has recently increased
[19-21]. PNAs are DNA mimics with a pseudo-peptidic backbone that
provides greater stability and resistance to enzymatic degradation [22].
Moreover, their high affinity for complementary DNA or RNA sequences
makes them particularly suitable for recognizing protein-based bio-
markers like ¢TnT [23-25]. However, the high cost of synthesis,
particularly for longer sequences, poses significant challenges for the
application of these probes in low-cost diagnostic devices [26].

Here, a truncation strategy was applied to wild-type 40-mer se-
quences previously reported to exhibit high affinity for cardiac tropo-
nins, preserving key base pairs necessary for target recognition [27,28].
Four truncated sequences were selected: PNA-1 (6 bases), PNA-2 (8
bases), PNA-3 (12 bases), and PNA-4 (16 bases), synthesized in both
unmodified and N-terminally acetylated forms to evaluate the impact of
acetylation on binding performance. Additionally, four lysine (Lys)
residues were introduced at the C-terminus of each sequence to enhance
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water solubility and stability under physiological conditions [29].

The binding capabilities of the truncated PNAs were initially
assessed through computational prediction and subsequently validated
by Western blot analysis to confirm the affinity and specificity toward
cTnT [30]. The truncated sequence with binding affinity closest to that
of the wild-type was selected for biosensor fabrication.

Porous silicon (PSi) was selected as the transducer material for the
label-free optical biosensor due to its high surface area, simple fabri-
cation through electrochemical etching, and low production cost [31].
However, the intrinsic instability of freshly etched PSi remains a major
limitation for its use in biosensing applications [32,33]. To address this
issue, a hydrosilylation strategy using 10-undecenoic acid was
employed, reducing reaction times and enabling milder conditions
compared to conventional methods [32]. This treatment replaced un-
stable Si-H bonds with stable Si-C bonds while introducing carboxyl
(COOH) groups to enable efficient bioprobe conjugation [32,34].

The selected PNA probe was immobilized onto the PSi surface via
carbodiimide (EDC/NHS) chemistry, optimizing the pH conditions to
achieve efficient bioconjugation [25]. Stability test of both the passiv-
ated transducer and the complete PNA-based biosensor was performed
under physiological conditions. Subsequently, the biosensor perfor-
mance was evaluated by detecting increasing concentrations of ¢cTnT
(0.02, 0.04, 0.08, and 0.16 ng mL ™) to determine sensitivity and the
detection limit. Each functionalization step and sensing measurement
was monitored by reflectometric interference spectroscopy, a label-free
optical technique sensitive to refractive index changes caused by the
infiltration of organic material into the porous matrix.

2. Materials and Methods
2.1. Chemicals

10-Undecenoic acid (UDA), ethylaluminum dichloride (EtAICly), 2-
(N-morpholino)ethanesulfonic acid (MES) hydrate, hydrofluoric acid
(HF), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), Protein A-FITC (PrA*), tetrahy-
drofuran (THF), isopropanol (IPA), trifluoroacetic acid (TFA), acetoni-
trile, anhydrous toluene, phosphate buffered saline (PBS 1 x ), ethanol,
formic acid, sodium hydroxide and water were purchased from Sigma
Aldrich (St. Louis, MO, USA). PNA monomers were purchased from Link
Technologies (Bellshill, Lanarkshire, UK). Fmoc-L-Lys(MMT)-OH was
purchased from Iris Biotech GmbH (Marktredwitz, Germany). All sol-
vents for synthesizing PNA molecules and 4-methylbenzhydrylamine
(MBHA) resin (1 % divinylbenzene, 200-400 mesh, 0.5 mmol g’1
loading) were purchased from Sigma-Aldrich.

2.2. PNA synthesis, purification, and analysis

PNAs obtained through wild-type sequence reduction (PNA-1, PNA-
2, PNA-3, and PNA-4) and control PNA (ctrl PNA) (Table 1) were syn-
thesized on a Biotage Initiator Alstra microwave-assisted peptide syn-
thesizer (Biotage Sweden AB, Uppsala, Sweden) using the 9-
fluorenylmethoxycarbonyl (Fmoc) solid-phase strategy. Initially, 150
mg of MBHA resin underwent swelling in dimethylformamide (DMF)
overnight. Subsequently, the Fmoc protecting groups were removed
after treatment with a solution of 20 % (v/v) piperidine in DMF for 10

Table 1
PNA sequences synthesized by solid-phase strategy.
Sample Sequence
PNA-1 HoN-getgee-(Lys)4-CONH,
PNA-2 CH3COHN-cagctgee-(Lys)4-CONHy
PNA-3 HyN-ctgeccctcetta-(Lys)4-CONH,
PNA-4 CH3COHN-gcacctgcccctctta-(Lys),-CONH,
ctrl PNA HoN-tttttttttttt-(Lys)4~-CONHy
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min. After DMF washes, four lysine couplings were carried out using
Fmoc-L-Lys(MMt)-OH (MMt = monomethoxytrityl) under the following
conditions: 4 equiv. of a 0.2 mol L.~! solution of Fmoc-L-Lys (MMt)-OH
monomer in DMF, 4 equiv. of a 0.2 mol L™! solution of hexa-
fluorophosphate azabenzotriazole tetramethyl uronium (HATU) in
DMF, 4 equiv. of N,N-diisopropylethylamine (DIPEA), and 6 equiv. of
lutidine for 40 min at room temperature (RT). PNA monomers were then
introduced using the same synthesis conditions. After each coupling
step, a capping with acetic anhydride in the presence of DIPEA was
performed for 10 min at RT, followed by removal of the Fmoc group
through two treatments with a solution of 20 % piperidine in DMF for
10 min. At the conclusion of the synthetic cycle, the PNAs were detached
from the solid support by treatment with TFA/triisopropylsilane (TIS)/
H30 (9.5:0.25:0.25; v/v/v) for 2 h, and the products were precipitated
with cold diethyl ether and recovered by centrifugation. The residual
ether was removed by evaporation under nitrogen gas. The precipitates
were then dissolved in water and finally lyophilized. The crude samples
underwent purification through semipreparative HPLC analyses on a
Jasco HPLC system (Jasco Europe S.r.l., Cremella, Italy), utilizing a
Macherey-Nagel (Diiren, Germany) 10 x 250 mm C-18 reverse-phase
column (particle size 5 pm). Elution was carried out with a linear
gradient of acetonitrile containing 0.1 % (v/v) TFA in water (from O to
100 % acetonitrile in 30 min, flow rate 3 mL min ). Subsequently, the
collected fractions were lyophilized, and the quantity of each PNA dis-
solved in pure water was estimated through quantitative UV with a
Jasco V-530 spectrophotometer (A = 220-320 nm, 400 nm min~!
scanning speed, 2.0 nm bandwidth) at 260 nm and 90 °C using the molar
extinction coefficient ¢ = 100 200 L cm ™! mol ™! for PNA and & = 105
600 L cm ! mol™! for ctrl PNA, calculated using PNA Tool (https
://www.pnabio.com/support/PNA_Tool.htm). The final PNA products
were characterized by ESI-MS on an ABSciex 4000 Q TRAP mass spec-
trometer (ThermoFisher Scientific, Waltham, MA, USA) operating in
positive ion mode by preparing 20 pmol L~} PNA stock solutions con-
taining 0.1 % (v/v) formic acid in water (see Fig. S1-S11) [25].

2.3. In silico studies

Model Preparation. cTnT monomer structure was extracted from
troponin complex c¢Tnl-cTnX-cTnT (PDB ID: 1J1D). Missing residues on
the two helices were reconstructed with alphafold3 [35]. The proton-
ation state of protein titratable residues was determined via the H++
server (http://newbiophysics.cs.vt.edu/H+ ) at the experimental pH of
7.0. PNA sequences were obtained using tleap tool of Ambertools [36].
The linear sequences, embedded within a box of water and ions, were
relaxed by Molecular Dynamics simulations (MDs) to generate repre-
sentative starting structures. The first most relevant structure obtained
by cluster analysis was then used for molecular docking with the protein
(see section “Molecular Dynamics Setup” of SI).

Troponin-PNA Molecular Docking. Given the complexity and the
multi-basin surface for ¢TnT-PNA recognition process, we relied on
molecular blind docking to obtain starting structures for the cTnT-PNA
complex. The docking was performed using the HDOCK web server, a
docking approach based on biochemical or biophysical information
[37], treating the cTnT as the receptor and the PNA sequences as li-
gands. We were confident that this approach could yield useful results,
as it has been previously benchmarked for computational studies on
troponin-aptamers [38]. Among all the structures obtained by molecular
docking, the lowest-energy one (HDOCK score) was then used as a
starting point for MDs [39].

Force Field Parameters and MD Simulation Protocol. cTnT pro-
tein was treated using the AMBER ff14SB force field [40], while for PNA
molecules Sanders et al. parameters were used [41]. Classical all-atom
MDs were performed using the Amber22 package [36]. Details on the
setup of simulation boxes are given in the section “Molecular Dynamics
Setup” of SI. The systems, formed by c¢TnT-PNA complexes, solvated
with TIP3P water molecules [42] and 0.150 mol L! NacCl, were initially
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minimized for 10 000 steps (5000 of steepest descent and 5000 of
conjugate gradient) and then heated up from 0 to 300 K for a total of 30
ps in the isothermal-isochoric (NVT) ensemble with an integration time
step of 1.0 fs. All during these phases, position restraints were applied on
the protein and ligands’ heavy atoms, with a force constant of 5 kcal
mol~! A2, Equilibration was then carried out for 1 ns in the iso-
thermal-isobaric (NPT) ensemble with an integration timestep of 2 fs,
and the position restraints force constant decreased to 2.5 kcal mol™!
A~2. A subsequent equilibration of 1 ns followed, with no position re-
straints applied. Temperature control was achieved using the Langevin
thermostat (collision frequency (ycoll) of 1 ps’l), while the pressure
control in the NPT ensemble (P = 1 atm) was achieved using the
Berendsen barostat [43]. Three subsequent production run replicates of
300 ns each, with different initial velocities, were launched, giving a
total of 0.9 ps sampling time per system. During equilibration and pro-
duction runs, the temperature was stabilized at 300 K and a cutoff of 10
A was applied for the van der Waals electrostatic interactions and the
real space of the electrostatic interaction. A slightly lower cutoff of 8 A
and 9 A was used during the minimization and the heating processes,
respectively. Long-range electrostatic interactions were computed using
the particle mesh Ewald (PME) algorithm [44]. Post-process analysis
was carried out throughout the production runs. All the bonds involving
hydrogen were treated with the SHAKE constraints algorithm [45].

2.4. Western blot analysis

Human cardiac troponin T (¢TnT, MW 37 kDa, Calbiochem, Not-
tingham, UK) 1 pg mL ! alone or with PNAs was resuspended in RIPA
buffer containing 0.1 % sodium dodecyl sulfate (SDS), 0.5 % sodium
deoxycholate, 1 % Nonidet P-40, 100 mmol L' NaCl, 10 mmol L7t
Tris-HCl (pH 7.4), 0.5 mmol L™ DTT, and 0.5 mmol L' PMSF. Each
sample containing comparable amounts of protein was mixed and boiled
at 100 °C for 5 min. Samples were resolved by SDS-PAGE gels and
electrotransferred onto 0.2 pm nitrocellulose membranes (Trans-Blot
Turbo; BioRad Laboratories, Hercules, CA, USA). After blocking mem-
branes for 90 min at RT with 5 % non-fat dry milk TBS (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), they were incubated
overnight at 4 °C with mouse anti-troponin T monoclonal antibody
(Sigma-Aldrich) and then with horseradish peroxidase-linked anti-
mouse (BioRad Laboratories) for 1 h at RT. Detection of chem-
iluminescence reaction was performed with a Clarity Western ECL
Substrate (BioRad Laboratories) using the ChemiDoc system (BioRad
Laboratories). Images were analyzed using the BioRad Image Lab 3.0.1
software. The same protocol was used for the control protein Human
Macrophage Migration Inhibitory Factor (MIF, MW 48 kDa, Sigma-
Aldrich) and its corresponding Chicken Polyclonal MIF antibody
(Abcam, Cambridge, UK). The Western blot signals were quantified by
morpho-densitometric analysis using the ImageJ software version
1.53h17 (NIH, Bethesda, MD, USA) [46]. Briefly, the product of the area
and optical density of each band was determined, and the relative pro-
tein level of each upper band was compared with that of the corre-
sponding lower band. Data are expressed as the mean + SD. The analysis
was performed using the Prism 8 software (GraphPad Software, San
Diego, CA, USA). Unpaired Student’s t-test with p-value <0.05 was
considered to indicate statistical significance. All the experiments were
repeated a minimum of three times independently to ensure reproduc-
ibility [47].

2.5. Porous silicon fabrication and hydrosilylation process

The single-layer PSi structure was obtained by electrochemical
etching of n-type crystalline silicon (0.01-0.02 Q cm resistivity, <100>
orientation, 500 pm thickness) in 200 mL HF (5 % in weight)/ethanol
solution at RT. The native oxide layer on the silicon substrate was
removed by immersion in 10 mL HF (1 % in weight)/ethanol solution for
a few minutes before the etching process. A PSi monolayer with porosity
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61 % (nps; = 1.83 at A = 1.2 pm), thickness (L) 2.1 pm, and pore size
distribution varying from 50 to 250 nm was fabricated using a current
density of 20 mA cm for 90 s (refractive index and porosity have been
obtained by spectroscopic variable angle ellipsometry; data not shown
here) [48]. The fresh-made PSi was placed in a Schlenk tube containing
3 mL of deoxygenated neat UDA (99 % v/v), 28 pL of EtAlCl; as a
catalyst, and 100 pL of anhydrous toluene to improve its solubility in
UDA. The reaction was conducted at 60 °C for 4 h in argon [32]. The
hydrosilylated-PSi was extensively washed in THF and IPA.

2.6. Spectroscopic reflectometry

The optical setup to acquire the reflectivity spectra of PSi monolayer
is made up of a white light source and the Ando AQ6315B optical spectra
analyser (Yokohama Italia S.r.], Nova Milanese, Italy), both connected to
a Y reflection probe (Avantes, Apeldoorn, The Netherlands), through
which the light is conveyed and subsequently collected to/from the
sample at normal incidence. The optical spectra were performed from
800 to 1600 nm with a sampling wavelength of 1 nm. The reflectivity
spectra are the result of the average of three independent measurements.

2.7. Fluorescence microscopy

Fluorescence images were acquired using a Leica AF6000LX-DM6M-
Z microscope (Leica Microsystems, Mannheim, Germany), controlled by
LAS-X (Leica Application Suite; rel. 3.0.13) software and equipped with
a DFC7000T Leica camera. Fluorescence images were obtained using a
50 x objective and an I3 cube constituted by a 470 nm band-pass
excitation filter.

2.8. Covalent grafting of PNA-3 on PSi layer and cTnT recognition

For the covalent grafting of PNA, the hydrosilylated PSi device was
exposed to 100 pM of PNA-3 in the presence of EDC/NHS (0.040:0.016
mol L™! in MES buffer, overnight, RT) and washed in deionized water
[25].

For the sensing experiment, cTnT was solubilized in PBS 1 x (10
mmol L’l, pH 7.4) at final concentrations of 0.02, 0.04, 0.08, and 0.16
ng mL~L.

The biomolecular recognition was performed by incubating the Psi
aptasensor with the cTnT solutions for 30 min at RT. After incubation,
the sample was rinsed twice in deionized water and then dried by argon
gas.

2.9. Quantification of PNA-PSi surface functionalization

The PNA-modified PSi chip was dissolved by incubating it with 100
pL of 2 mol L™! NaOH for 30 min at RT. After incubation, the resulting
solution was collected and analyzed by UV spectrophotometry at A, =
258 nm to determine the concentration of PNA-3 released from the
dissolved chip, using the Lambert-Beer law. Solutions of 2 mol L7!
NaOH and 1 pmol L~} PNA-3 were used as the negative and the positive
control, respectively [49,50].

3. Results and discussion
3.1. Rational design of truncated PNA bioprobes for cTnT detection

Conventional biorecognition elements, such as antibodies and DNA-
based bioprobes, present several limitations when used in biosensor
platforms. Antibodies, although highly specific, are prone to denatur-
ation, require strict storage conditions, and exhibit variability between
production batches. DNA-based bioprobes, while synthetically acces-
sible and adaptable, are susceptible to nuclease degradation in biolog-
ical fluids, limiting their stability and utility in real-world diagnostic
applications [18].
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To overcome these limitations, synthetic oligonucleotide analogs,
such as peptide nucleic acids (PNAs), have garnered increasing atten-
tion. PNAs are DNA mimics in which the sugar-phosphate backbone is
replaced by a pseudopeptide chain, imparting resistance to enzymatic
degradation [25] and enhancing stability under thermal and chemical
stress. Furthermore, due to the absence of electrostatic repulsion during
duplex formation, PNAs exhibit stronger and more specific binding to
complementary DNA or RNA strands [19,21].

PNAs can be engineered as aptamer-like probes for detecting pro-
teins and small molecules, allowing them to form stable heteroduplexes
with complementary nucleic acids or to be incorporated into more
complex hybridization-based constructs. This structural and functional
versatility makes PNAs highly suitable for a wide range of biosensing
applications.[24] Despite these advantages, the relatively high cost of
synthesizing PNAs, especially for longer sequences, poses a significant
barrier to their widespread use in cost-sensitive diagnostic
technologies. %!

To address this challenge, a rational design strategy was employed to
reduce the PNA sequence length while preserving binding capacity.
Shorter sequences may also reduce steric hindrance and enhance target
accessibility, which is advantageous for biosensor development [28].

A well-characterized 40-base DNA aptamer (WT) previously re-
ported to exhibit high affinity for cardiac troponin T (cTnT) served as the
starting point for sequence shortening [51,52]. Instead of directly
translating the full-length sequence into a PNA analogue, truncation was
pursued based on the hypothesis that shorter variants could retain suf-
ficient binding affinity while reducing synthesis costs and improving
chemical tractability [53].

The truncation process involved the progressive shortening of the
wild-type PNA sequence while conserving key base pairs across the
truncated variants (highlighted in yellow in Fig. 1), resulting in se-
quences ranging from 6 to 16 bases. Specifically, PNA-1 (6 bases), PNA-2
(8 bases), PNA-3 (12 bases), and PNA-4 (16 bases) were synthesized
both with and without N-terminal acetylation to assess the effect on
binding affinity. For all sequences, four Lys residues were added to the
C-terminus of PNAs to enhance aqueous solubility and ensure functional
stability under physiological conditions [54].

4. Molecular dynamics simulations

A combined computational approach, involving the use of molecular
docking and molecular dynamics simulations (MDs), was employed to
investigate the interaction sites of PNAs on the c¢TnT protein surface and
to assess the dynamical stability of the resulting cTnT-PNA complexes.
PNA ligands have been computationally investigated [55-57], also as
potential partners of DNA and RNA strands [58-61], due to their
structural advantages in the uncharged backbone. In this work, PNAs
were simulated as single ligands capable of forming supramolecular
structures with proteins. A previously used approach, based on the un-
biased diffusion of one or more ligands to the surface of biological
molecules [62-65], turned out to be very difficult to use, as it required
extensive computational resources to capture the complex conforma-
tional landscape of the system efficiently. Therefore, following the
pattern of work involving complexes between c¢TnT and aptamers [38,
66], the computational study was initiated from the complex structure
obtained by docking and presenting the lowest score function. In this
way, this starting configuration is realistic and suitable for molecular
dynamics refinement. Each PNA sequence (PNA-1 to PNA-4, and
PNA-WT) was relaxed along 400 ns of MDs, and the most representative
structure obtained from the cluster analysis was then taken as a refer-
ence for subsequent docking on the cTnT (Fig. S12 and S13). The time
evolution of the ¢cTnT Root Mean Standard Deviation (RMSD) in Fig. S14
illustrates a highly flexible protein structure, both with and without PNA
ligands. Without ligands, the initial 50 ns of each production replicate
served as equilibration time, with the RMSD converging around 10-15 A
afterward. A and B helices exhibited an RMSD centered at 4-5 A,
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Fig. 1. Schematic representation of the 40-base starting PNA sequence (PNA-WT) and its corresponding truncated PNA variants (PNA-1 to PNA-4).

highlighting their inherent flexibility, as noted by the most visited
clusters extracted during the dynamics, shown in Fig. S15. These
structures highlighted protein conformations in which the two helices
remain parallel or placed perpendicularly, rearranging contacts between
them, and the overall folding is maintained. PNAs with the shortest
sequences, PNA-1 and PNA-2, with 6 and 8 bases, respectively, tended to
destabilize the protein structure, especially helix A, as evidenced by the
RMSD (Fig. S14). Compared to the starting interaction site, the ligands
slid mainly along helix B, allowing helix A to fold back on itself and
change conformation (Fig. S15). The interaction was weaker, to the
extent that the ligands were even able to fully detach themselves from
the protein and move into the bulk solution (as indicated by the distance
between the centers of mass of cTnT and the PNAs in Fig. S16). The
presence of PNA-3 and PNA-4, containing 12 and 16 bases respectively,
also allowed the protein to undergo structural rearrangement. Although
the RMSD fluctuated significantly, the distributions indicated that the
most probable values lay between those observed for cTnT alone and
those complexed with PNA-1 or PNA-2. Moreover, complexation with
PNA-3 stabilized helix A more than helix B. The most frequently sampled
conformations showed that the helices tended to fold more extensively
in the presence of PNA-4. Unlike PNA-1 and PNA-2, the ligands in this
case rearranged around the initial binding site without detaching
(Fig. S16).

Attention was also given to the PNA-WT sequence. The protein
structure appeared to be more stabilized compared to the previously
analyzed, also with reference to helix A (Fig. S14). The two helices were
kept parallel, with the PNA acting as a bridge between them (Fig. S15).
All PNAs were found to adopt a very compact conformation, as shown by
the radius of gyration and its probability distributions (Fig. S17), and
agglomeration state, dictated by strong interaction and n-stacking be-
tween the same bases. In the protein, as the above analyses had already
shown, the turning radius was highly dependent on the presence of the
ligand. Helix A retained its elongated conformation, especially with
PNA-WT, while PNA-3 was the remaining ligand that caused the

conformation to change the least. This is also emphasized by RMS
fluctuations (RMSF), as shown in Fig. 2. The most flexible regions
appeared to be the apical regions of the two helices, respectively, which
tended to fold as described above. The general flexibility of the protein
was strongly attenuated in the presence of PNA-WT. On the other hand,
with PNA-3 and PNA-4, cTnT fluctuates more (Fig. S18). The compu-
tational analyses thus clarified how the length of the PNA strand can
affect the stability of cTnT. The results suggest that a minimum sequence
length is required to ensure stable binding of PNA to the protein. In this
context, PNA-3 and PNA-4 appear particularly promising: despite being
shorter and less complex than PNA-WT, they still effectively interact
with ¢TnT, pointing to a more efficient and forward-looking approach.

4.1. Assessment of PNA bioprobes recognition via Western blot analysis

To support in silico predictions and validate the molecular recogni-
tion properties of the synthesized truncated PNA sequences, Western
blot analysis was carried out as a qualitative tool [67]. Beyond its con-
ventional application in protein detection, this technique allows the
assessment of biomolecular interactions by monitoring shifts in protein
electrophoretic mobility due to complex formation. This study provided
critical experimental evidence of target engagement, allowing evalua-
tion of binding specificity, concentration-dependent effects, and poten-
tial denaturation phenomena. cTnT was used as the target protein to
determine whether its interaction with the PNAs led to detectable
changes in its apparent molecular weight. This approach proved
instrumental in identifying the PNA sequence with the best binding af-
finity, closely resembling that of the original WT sequence, and thus
representing the most promising candidate for cost-effective biosensor
development. A monoclonal anti-troponin antibody (anti human cTnT)
was used in combination with SDS-PAGE to detect potential changes in
the apparent molecular weight of cTnT upon interaction with PNAs. As
illustrated in Fig. 3A, cTnT was resuspended in PBS 1 x at a concen-
tration of 1 pg mL™! before the addition of PNAs. After a 30-min
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Fig. 2. 3D color maps of the ¢cTnT RMS fluctuation (RMSF) in the presence (PNA-x) and absence (cTnT) of the PNA ligands. For each system, RMSF is shown by the
color from blue (0 A) to red (19 A) and the thickness. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 3. (A) Schematic representation of the experimental workflow for cardiac troponin T (cTnT)-PNA-3 interaction by Western blot. The graphical scheme was
produced by the authors using the BioRender platform (https://www.biorender.com/) (basic license terms). (B) Western blot analysis of ¢cTnT alone (1 pg mL '),
cTnT incubated with PNA-3 at two different concentrations, and PNA-3 control samples. Anti-human troponin mouse Ab was used to detect cTnT on the gel. Each
experiment was performed in three technical replicates. (C) Fold change of ¢TnT derived from protein quantification of morphodensitometric analysis of upper and
lower bands performed by ImageJ. Data are expressed as the mean + SD. Unpaired Student’s t-test with **p < 0.01; ****p < 0.0001 vs ctrl and ##p < 0.01 vs cTnT
+ PNA-3 20 pM sample.
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incubation, the Western blot protocol was carried out as detailed in the
Materials and Methods section. Western blot results revealed that the
cTnT protein forms the most stable protein/PNA complex when incu-
bated with PNA-3 (Fig. S19). A band corresponding to cTnT alone,
serving as a positive control, was observed at 37 kDa. This band accounts
for approximately 85 % of the c¢TnT fragments typically detected in
blood following an acute myocardial infarction [68]. Notably, an addi-
tional band of higher molecular weight was observed in the sample
containing both cTnT and PNA-3, suggesting the formation of a complex
between cTnT and PNA-3. As shown in Fig. 3B, increasing the concen-
tration of PNA-3 from 10 to 20 pmol L ™! led to a decrease in the intensity
of the lower band corresponding to the unbound cTnT. As expected,
PNA-3 alone, included as a negative control, did not produce any
detectable signal for cTnT.

More in detail, as shown in Fig. 3C, a statistically significant increase
in the apparent molecular weight of cTnT was observed upon binding
with PNA-3 at 10 pmol L™} compared to the control (p < 0.01). The
effect was more pronounced at 20 pmol L™}, with a significant shift
compared to both the control (p < 0.0001) and the 10 pmol L™! con-
dition (p < 0.01). The concentration-dependent effects observed indi-
cate that higher concentrations of PNA-3 lead to more pronounced
binding interactions, which could be pivotal for enhancing sensitivity in
diagnostic applications related to MI.

A scrambled PNA sequence (ctrl PNA) was tested to assess binding
specificity and did not produce any higher molecular weight bands,
indicating no complex formation (Fig. 520). In addition, PNA-3 was
tested against macrophage migration inhibitory factor (MIF), a periph-
eral blood protein that is upregulated in response to myocardial
ischemia [69], and no upper molecular weight band was observed,
further corroborating the specificity of PNA-3 for cTnT (Fig. S20).

4.2. Fabrication of porous silicon optical transducer and surface
functionalization

The optical transducer used for the development of the label-free
biosensor was obtained through electrochemical etching of crystalline
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silicon wafers, a well-established low-cost technique that enables precise
tuning of both the morphological and optical properties of the resulting
PSi structures. This method, based on the anodic dissolution of silicon in
HF-containing electrolytes under controlled current densities, allows for
the fabrication of highly ordered porous matrices with defined pore size,
porosity, and thickness. In this case, the process parameters were opti-
mized to generate a macroporous monolayer (pores size >50 nm),
characterized by a large surface area and suitable optical transducer
properties [70]. This structure demonstrated its ability to maximize
probe immobilization (up to 15-20 DNA- or PNA-based bioprobes)
while maintaining high accessibility for target molecules, thereby
enhancing the sensitivity and selectivity of the biosensor [25,71]. The
as-etched PSi transducer was subsequently functionalized through a
series of chemical modifications, as schematically illustrated in Fig. 4, to
obtain the final biosensor configuration.

The freshly etched PSi surfaces are terminated with reactive Si-Hx
species, which make the material susceptible to oxidation and degra-
dation in aqueous environments. This instability not only compromises
the structural integrity of the porous matrix but also affects the reli-
ability of its optical response over time, a critical factor for label-free
sensing applications. To address this issue, a surface passivation strat-
egy was carried out based on a recently developed hydrosilylation
method using UDA, which combines mild temperature (60 °C) and
EtAICl,. This approach significantly reduced reaction times and elimi-
nated the need for the high-temperature conditions typically required in
conventional protocols (Fig. 4, I) [32]. This surface modification not
only passivates the surface by replacing unstable Si—-Hx bonds with more
robust Si-C bonds but also introduces COOH functional groups, which
serve as anchoring sites for the subsequent covalent immobilization of
selected truncated PNA probe (PNA-3) [25].

In this study, spectroscopic reflectometry was used as a key analyt-
ical label-free technique to monitor the optical response of the PSi
transducer throughout the surface modification process. The interaction
of inorganic or organic species with the pore walls alters the average
refractive index of the porous layer, resulting in measurable shifts in the
reflectivity spectrum. Due to the intrinsic interferometric properties of
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Fig. 4. Schematic representation of the chemical strategy for the development of PNA-based macroporous silicon (PSi) label-free optical biosensor for cardiac
troponin T (cTnT) detection. (I) Surface functionalization of the as-etched PSi via mild hydrosilylation condition with undecenoic acid (UDA) (4 h at 60 °C, in the
presence of EtAlCl,); (II) Covalent immobilization of the truncated PNA-3 probe using EDC/NHS coupling chemistry; (III) Detection of cTnT by exposing the obtained

PSi biosensor to increasing target concentrations.
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PSi, the layer behaves as a Fabry—Pérot cavity, where material infiltra-
tion into the pores modifies the optical path length [72]. The Fast
Fourier Transform (FFT) analysis of the reflectivity spectra provides a
straightforward and reliable approach to monitor variations in the
average refractive index of the PSi layer. In this analysis, the optical
thickness (OT), defined as the product of the PSi effective refractive
index (nps) and its physical thickness (L), was determined from the
position of the main peak in the FFT spectrum, which corresponds to
twice the optical thickness (2 OT) of the layer [25]. Changes in OT (nPSi
x L) were therefore used as a quantitative indicator of molecular
adsorption or binding events occurring within the porous matrix.

Reflectivity spectra acquired at normal incidence before and after
hydrosilylation (PSi-UDA) are shown in Fig. 5A, along with the corre-
sponding FFT profiles in Fig. 5B. As the physical thickness (L) of the
porous layer was fixed at 2100 nm, the observed red-shift of approxi-
mately 25 4+ 5 nm in the reflectivity spectrum translated into a 200 + 40
nm shift in the FFT peak position. This spectral shift reflects an increase
in the average refractive index of the PSi layer, clearly indicating the
formation of an organic layer on the pore walls because of the hydro-
silylation process [25].

The successful introduction of carboxyl functional groups on the PSi
surface was further confirmed by fluorescence microscopy (Fig. 5C). To
evaluate both their presence and accessibility, carbodiimide chemistry
was employed to covalently immobilize a model fluorescent bioprobe
(PrA* 100 pmol L™1) containing a primary amine group. The resulting
fluorescence signal, normalized to the device area, exhibited a 1.35-fold
increase in the hydrosilylated PSi (PSi-UDA-PrA*) compared to the
unmodified crystalline silicon (CSi) as control. These findings indirectly
confirm the presence of reactive carboxyl groups capable of forming
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stable bonds with amine-functionalized biomolecules, as further sup-
ported by reflectivity spectra recorded before and after PrA* conjugation
(Fig. S21).

The stability of the PSi-UDA surface was thoroughly evaluated by
exposing the sample to stability tests in PBS 1 x (pH 7.2) for 2 h, a
condition selected due to its relevance to aqueous functionalization
protocols and commonly used in sensing applications. No shifts or var-
iations were observed in the reflectivity spectra, as shown in Fig. 5D and
E. This is particularly important, as previously demonstrated that not
properly stabilized PSi structures undergo rapid degradation (within
minutes) in aqueous environments [70]. The absence of significant
spectral changes confirms the stability of the functionalized PSi surface
under the tested conditions, supporting its suitability for subsequent
biosensor development.

4.3. Stepwise chemical strategies for the development of a PNA-based PSi
label-free biosensor

To optimize the analytical performance of PSi-based biosensors,
several strategies have been explored to refine the surface architecture
and molecular arrangement within the porous matrix. Among these,
increasing pore size to accommodate recognition elements and adjusting
probe concentration to modulate surface density have shown promising
results [73]. However, these approaches are not without limitations.
Excessive pore enlargement can compromise the optical quality of the
PSi transducer, reducing the resolution and sensitivity of interferometric
detection. Similarly, increasing the concentration of bioprobes, while
potentially enhancing target binding, can result in steric hindrance and
uneven distribution within the pores, ultimately affecting both target
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accessibility and signal reproducibility.

In this context, the use of shorter bioprobes represents a valuable
strategy for the development of high-performance, cost-effective bio-
sensors. These probes not only reduce synthesis cost, but also enable
improved control over surface density, minimizing steric hindrance and
promoting a more uniform and functional arrangement within the
porous matrix.

To achieve covalent immobilization of the selected PNA probe (PNA-
3) onto the PSi surface for the development of a label-free PSi biosensor
(Fig. 4, 1I), three different experimental conditions were tested to
exclude nonspecific adsorption and to identify the optimal pH for the
carbodiimide-mediated coupling. Given the pH dependence of carbo-
diimide chemistry, conjugation was tested at pH 5.5 and pH 7.0, both
commonly reported in the literature to support EDC/NHS activation [25,
74]. The highest immobilization efficiency was observed at pH 5.5
(Fig. 6C), as indicated by a 40 = 8 nm red shift in the reflectivity
spectrum and a 200 + 40 nm shift in the FFT peak (Fig. 6F), reflecting a
significant increase in the effective refractive index due to probe bind-
ing. At pH 7.0 (Fig. 6B), a 16 = 2 nm reflectivity shift and a 100 & 12 nm
FFT shift were recorded (Fig. 6E), indicating lower coupling efficiency.
In contrast, the absence of EDC/NHS activation (Fig. 6A) resulted in only
a minor shift of 5 + 1 nm in reflectivity and 37 + 7 nm in FFT (Fig. 6D),
confirming limited nonspecific adsorption.

The sample functionalized at pH 5.5 was selected for subsequent
sensing applications. To confirm the stability of the covalently immo-
bilized bioprobe under aqueous conditions, the PNA-functionalized de-
vice was incubated in PBS 1 x (pH 7.2) for 2 h. As shown in Fig. S22, no
appreciable shift in the reflectivity spectra was detected after incuba-
tion, confirming strong and stable attachment of the PNA to the PSi
matrix, ensuring reliability during sensing operations.

This test was aimed exclusively at assessing the chemical and optical

1o
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stability of the PNA-PSi interface under controlled buffer conditions,
demonstrating the robustness of the covalent immobilization strategy.

To quantify the degree of surface functionalization, the amount of
immobilized PNA (PNA-3) on the PSi surface was measured. The con-
jugated PNA was released by incubating the PSi chip in NaOH for 30
min, a treatment that selectively dissolved the PSi matrix while pre-
serving the underlying CSi (Fig. S23) [75,76]. The concentration of
detached PNA was determined spectroscopically using the Lambert-B-
eer law. Based on an initial PSi mass of 0.2 mg, the amount of immo-
bilized PNA was calculated to be 1.7 + 0.4 x 107 mol g~!. To express
the functionalization in surface density units (mol cm’z), the specific
surface area (SSA) of the PSi was used. According to previous work on a
similar PSi-based aptasensor, the SSA was determined to be 153 m? g~!
using Brunauer-Emmett-Teller (BET) analysis and a simplified cylin-
drical pore model [71]. Using this value, the surface coverage was
estimated to be 1.12 + 0.30 pmol em 2, calculated as the ratio between
the immobilized PNA and the PSi surface area.

4.4. Performance testing of the PNA biosensor: target recognition,
sensitivity, and limits of detection

The troponin complex, composed of three subunits (troponin I, T,
and C) regulates calcium-mediated contraction in striated muscle [4,11,
14]. Among these, c¢Tnl and cTnT are the most specific and sensitive
biomarkers for diagnosing MI, due to their exclusive expression in car-
diac muscle and their direct correlation with myocardial injury. In
contrast, cTnC lacks cardiac specificity because its isoform is also pre-
sent in slow-twitch skeletal muscle, making it less suitable as a cardiac
biomarker [4,14].

In this context, cTnT has gained particular attention in clinical di-
agnostics. In healthy individuals, its serum concentration remains
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extremely low (typically <0.01 ng mL™!), whereas in pathological
conditions such as MI, levels can rise sharply, often exceeding 10 ng
mL ! and reaching over 100 ng mL~! in severe cases [77]. Thus,
achieving reliable quantification within the sub-nanogram-per-milliliter
range is particularly relevant for early diagnosis and rapid clinical
decision-making, consistent with the aim of this proof-of-concept study
to demonstrate a highly sensitive platform for early ¢TnT detection.

To evaluate the target recognition performance of the developed
label-free biosensor, the PNA-based PSi device was exposed to
increasing concentrations of ¢cTnT (0.02, 0.04, 0.08, and 0.16 ng mL™ D
(Fig. 4, I1T). The binding events between the immobilized PNA probe and
the target analyte were monitored by analyzing the changes in the
reflectivity spectra of the device, which exhibited clear red shifts
correlated with the cTnT concentration (Fig. 7A). In this configuration,
the PNA—cTnT complex forms a highly stable covalent assembly that
cannot be dissociated under mild regeneration conditions [71]. The
biosensor is therefore intended for single use, a choice consistent with
point-of-care applications where disposable formats ensure reliability
and prevent cross-contamination.

The dose-dependent optical response was further validated by a
calibration curve of AEOT as a function of cTnT concentration, yielding
a strong linear correlation (R? = 0.98) (Fig. 7B). Within the linear
response range, the biosensor demonstrated a sensitivity of 576 + 48
nm ng ! mL. Based on the calibration curve and the corresponding
sensitivity, the limit of detection (LoD) was determined. The LoD defines
the lowest analyte concentration that produces a measurable optical
signal distinguishable from the background noise, thus representing the
minimum detectable concentration for the developed PSi-based optical
platform. A calculated LoD of 0.030 + 2.0 x 1 0 ~° ng mL™! was ob-
tained according to the 30/S criterion, where ¢ represents the standard
deviation of the blank signal and S the slope of the calibration curve
[72]. As part of the performance testing, a negative control was
included, using PSi-UDA exposed to the maximum concentration of
¢TnT (0.16 ng mL™Y). No significant red shift was observed, indicating
the absence of non-specific binding or recognition (Fig. S24), confirming
the specificity of the PNA biosensor. In addition, during the analytical
tests the device was sequentially exposed for approximately 30 min to
each of the four tested analyte concentrations, without any detectable
degradation or baseline drift, further demonstrating the robustness of
the PNA-PSi interface under repeated use within the same assay. These
results furthetr confirm that the newly designed truncated PNA probes
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can form a stable and durable linkage with the PSi surface, providing a
solid foundation for subsequent investigations in more complex bio-
logical environments.

These results are particularly significant, as the developed biosensor
achieved a LoD in the picogram-per-milliliter range, outperforming
previous PSi-based devices that employed longer DNA or PNA probes,
which typically exhibit LoD in the nanomolar range [25,48]. This
improved performance is probably attributable to more efficient and
uniform surface functionalization enabled by the use of a shorter PNA
probe, which minimizes steric hindrance and optimizes probe orienta-
tion within the porous matrix.

While examples in the literature report lower LoDs (e.g., 6.0 + 1.0
pg mL™Y) for ¢TnT detection using longer PNA sequences in combination
with more advanced nanostructured transducers [24], the performance
achieved in this work remains within the same order of magnitude,
despite employing a simpler and more cost-effective platform (Table 2).
These findings highlight the critical importance of molecular probe
design and suggest that combining short, highly specific bioreceptors
with more sensitive optical supports could further reduce detection
limits, potentially reaching the femtomolar range, while maintaining
low-cost fabrication.

5. Conclusions

In this study, a label-free biosensor based on a porous silicon (PSi)
transducer was developed and optimized for the detection of cardiac
troponin T (cTnT), a highly specific and clinically relevant biomarker for
early diagnosis of myocardial infarction (MI). A truncation strategy was
applied to a previously validated 40-mer sequence, resulting in a set of
shorter PNA probes. Among them, a 12-mer (PNA-3) was identified as
the most effective, based on both computational prediction and exper-
imental validation through Western blot analysis.

PSi surface passivation and functionalization were achieved through
mild hydrosilylation and monitored by reflectance spectroscopy at each
step, confirming the successful introduction of carboxylic groups and
subsequent covalent immobilization of the PNA via EDC/NHS coupling.
Conjugation was optimized at pH 5.5, resulting in an efficient func-
tionalization with a surface density of 1.12 + 0.30 pmol cm™2. The
modified surface exhibited strong stability in aqueous conditions, con-
firming its suitability for real-time sensing applications.

The biosensor demonstrated specific, concentration-dependent
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Table 2
Comparison of representative optical and electrochemical biosensors for cardiac troponin T.
Assay LoD (ng mL ") Linear range Assay Sample Transducer/Type Label/Label-free Reference
(ng mL™Y) time matrix
Integrated nanoslit 1x10° 1-100 <10 min PBS buffer, Nanofluidic diode Label-free Liu, Y.; et al.; Nano Lett. 2014,
array fluidic diode (buffer); 1 x human serum (current-based) 14(12), 6983-6990.
sensor 1072 (serum)
Portable nanoporous 1x10°° 1 x107°10 Rapid 7 % BSA Impedance on Label-free Shanmugam, N. R.; et al.
electrical biosensor (<10 (model serum nanoporous membrane Future Sci. OA 2015, 1(3),
min) buffer) FSO24.
Aptasensor on gold 0.01 0.05-5 ~1h PBS buffer Electrochemical Labeled (ferro/ Negahdary M.; et al., Int. J.
(SAM) aptasensor (Au) ferricyanide Mol. Cell. Med. 2019, 8(4),
redox) 271.
Fluorescence FRET 0.12 0.1-50 Rapid Buffer, Fluorescence (FRET, Labeled Gogoi, S; et al., Phys. Chem.
immunosensor (<10 human serum carbon dot/MoS;) (antibody-based) Chem. Phys. 2018, 20(24),
min) 16501-16509.
ZnO EIS nanostructured 1 x 10~* 0.05-25 ng Rapid Human serum  Electrochemical Label-free Shanmugam, N. R.; et al.
biosensor mL™! (<10 impedance (ZnO Nanomedicine 11.11 (2016):
min) nanostructure) 1345-1358.
This work (short-PNA/ 0.03 0.02-0.16 ~30 min PBS buffer Porous silicon optical Label-free This study
PSi, proof-of-concept) interferometer

detection of cTnT across a clinically relevant range (0.02-0.16 ng mL ™),
with negligible non-specific adsorption. A limit of detection of 0.030 +
2.0 x 1 0 ~° ng mL™'was achieved, placing the device performance
within the same order of magnitude as more complex and costly sensing
platforms. This proof-of-concept study demonstrates the feasibility of
integrating short, rationally designed PNA probes onto a low-cost PSi
optical transducer, establishing a stable and reliable biosensing interface
for cTnT detection.

Analytical validation under controlled buffer conditions confirmed
the robustness of the surface chemistry and the reproducibility of the
PNA-PSi platform, consolidating its potential as a cost-effective
analytical system.

As a proof-of-concept, the present work focuses exclusively on the
analytical phase, providing the fundamental basis for future testing in
biologically relevant matrices. Planned developments include spike-
and-recovery assays in serum and plasma, interference studies, and
cross-reactivity evaluations to assess diagnostic feasibility.

This approach can be further expanded toward a multiplexed proof-
of-concept biosensor for the simultaneous detection of multiple cardio-
vascular biomarkers (PD-L1, BNP, MMP-9, hs-CRP) [78,79].

The combination of short, sequence-specific PNA probes with low-
cost PSi technology paves the way for affordable, high-performance
point-of-care diagnostics, enabling earlier and more accessible cardio-
vascular assessment.
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