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confirmed by surface plasmon resonance and computational modeling. The aptasensor, developed on screen-
printed gold electrodes using a multipulse-assisted immobilization method, demonstrated a linear response
from 2.5 to 50 pM and a detection limit of 1.5 pM. This range encompasses clinically relevant trough (10-13.5
uM) concentrations. Validated in undiluted clinical samples, it showed performance comparable to gold-standard
immunoassays, offering a promising tool for vancomycin TDM.

1. Introduction

The global threat of antibiotic resistance is a major public health
concern resulting from antibiotic misuse and unsuccessful development
of novel and effective antimicrobial agents [1,2]. The increasing prev-
alence of antibiotic-resistant Gram-positive and Gram-negative bacteria
and antibiotic-resistance genes in the microbiome has necessitated the
effective management of antimicrobial therapies [3].

Therapeutic drug monitoring (TDM) is a critical tool in the man-
agement and individualization of antibiotic therapy that relies on real-
time dose adjustment by measuring the drug concentration in biolog-
ical fluids to enhance the safety and effectiveness of treatment [4].

First discovered in the 1950s, glycopeptide antibiotics, such as
vancomycin (Van), remained the key drugs for the treatment of severe
infections caused by Gram-positive pathogens, such as methicillin-
resistant Staphylococcus aureus and Clostridium difficile [5]. Having a
narrow therapeutic index, one of the major concerns of exposure to Van
is the occurrence of nephrotoxicity, ototoxicity and the most known “red
man syndrome” [6]. Van has concentration and time-dependent anti-
microbial activity, therefore understanding the pharmacokinetic (bio-
distribution after exposure) and pharmacodynamic (minimum drug
concentration that inhibits bacterial growth; MIC) properties is crucial
for the correct management of therapy [3]. In clinical laboratories, there
are two main indicators of the outcomes of a positive treatment: i) the
ratio of the area under the plasma concentration-time curve during a 24
h time period (AUC0-24) and the MIC (AUCO0-24/MIC should be > 400)
and ii) the trough levels of Van in serum that should be between 15 and
20 mg/L, as concentrations under 10 mg/L promote the development of
antibiotic resistance [7,8].

Routine Van assessment in clinical laboratories is based on
commercially available assays, such as chemiluminescence immuno-
assay [9], fluorescence polarization immunoassay [10], kinetic inter-
action of microparticles in solution [11], enzyme-multiplied
immunoassay [12], particle-enhanced turbidimetric inhibition immu-
noassay [13] or high-performance liquid chromatography coupled with
mass spectrometry [14-16]. These techniques have certain limitations,
including variability in accuracy across different methods, the need for
sophisticated instruments, cross-reactivity, and prolonged analysis time
ranging from hours to days [7].

Aptamers are short, single-stranded DNA or RNA sequences screened
in vitro through a process called systematic evolution of ligands by
exponential enrichment (SELEX). Since their discovery in the early 1990
[17,18], aptamers have come into the spotlight as an innovative and
appealing alternative to antibodies as biorecognition elements in terms
of stability, ease of synthesis and functionalization, structural consis-
tency between batches and suitability for a wide variety of target mol-
ecules [19].

After more than three decades of research and innovation, various
SELEX methods have been developed for the selection of high-affinity
nucleic acid aptamers, like capillary electrophoresis-SELEX [20],
cell-SELEX [21], microfluidic chip SELEX [22] and solid phase
carrier-SELEX [23,24].

Magnetic beads-based SELEX (MBs-SELEX), a sub-type of solid phase
carrier-SELEX has significantly enhanced the limitations of conventional
selection technology, in terms of efficiency and rapidity. MBs are useful
solid supports for the immobilization of targets during aptamer selection
because they enable fast and efficient partitioning of small-volume
samples [25].

The first Van-specific aptamer reported in the literature was selected
by Capture SELEX using streptavidin-coated columns as the support for
the DNA random library [26]. This SELEX procedure oriented to obtain
strong conformational switching aptamers requires expensive,
time-consuming post-SELEX truncation steps to destabilize the
full-length aptamer to achieve a significant signal gain. The 3-base
paired truncated version (Kp = 19.5 + 1.6 pM) highlighted the neces-
sity of including consideration of human matrix effects into future se-
lection strategies [27]. To address this, our selection protocol was
designed to integrate two key approaches: (1) enrichment of the selec-
tion buffer with bovine serum albumin (BSA) and transfer RNA (tRNA)
to better mimic the complex serum matrix and enhance a more
competitive selection, and (2) introduction of a counter-selection step
using teicoplanin (Teico), a structural analog of Van. This approach is
based on the premise that selecting an aptamer capable of discrimi-
nating between structural analogs will yield highly specific Van
aptamers, thereby mitigating any concerns related to selectivity and
potential multiple-target binding events.

The affinity of the selected aptamers was evaluated by surface
plasmon resonance (SPR). For a more comprehensive understanding of
aptamer-target binding, the structure of 8H aptamer and its complex
with Van was computationally predicted using molecular dynamics and
docking calculations. To further prove the binding of the selected
aptamer, a disposable, label-free electrochemical sensor was also
developed on screen-printed gold electrodes (AuSPE). The aptasensor
was validated in serum samples collected from hospitalized patients
undergoing Van treatment.

2. Experimental section

Reagents and instrumentation are detailed in Supplementary Infor-
mation (SI).

2.1. SELEX protocol

The selection of Van-specific aptamers was carried out using a single-
stranded DNA library of randomized sequences, a central region with 45
random nucleotides and two constant regions at the 5’ (18 nt) and 3’ (25
nt) ends that acted as a hybridization zone for the PCR primers. The
sequences of the DNA library and the PCR primers are indicated in
Table S1. Each round of selection included the following steps: i)
interaction between 1 nmol of DNA library (first round) or 250 pmol in
the following rounds with 100 pL ethanolamine-modified MBs (MBs-
EtAm) (negative selection) and then the supernatant was incubated with
MBs-Van (positive selection). From round 5 a counter selection step with
MBs-Teico was introduced prior to positive selection; ii) magnetic sep-
aration of unbound sequences and elution from the complex at 95 °C in
water; iii) PCR amplification and iv) strand separation using
streptavidin-modified MBs under alkaline conditions. Stringency was
increased according to Table S2. Detailed protocol on MBs preparation
and SELEX protocol including cloning, sequencing and bioinformatic
analysis are provided in SI.

2.2. Affinity evaluation of the unmodified aptamers

Initially, the bare gold-coated glass sensor was cleaned by immersion
in piranha solution (3H2SO4 (95 %): 1H205 (33 %)) for 3 min, thor-
oughly rinsed with water and ethanol, and dried with a stream of Nj.
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The self-assembled thiol monolayer (SAM) was prepared by covering the
Au disc with 200 pL of a mixture containing 0.25 mM 11-mercaptounde-
canoic acid (MUA) and 0.75 mM 6-mercapto-1-hexanol (MCH) in
ethanol and left overnight at 4 °C in ethanol-saturated atmosphere. The
sensor with the carboxylic SAM was rinsed with ethanol and dried under
a stream of N and positioned onto a clean hemi-cylinder lens previously
coated with a drop of immersion oil (Cargille Certified Refractive Index
Liquid, refractive index 1.5142 + 0.0010). Afterwards, both channels
were washed three times with 70 pL of water, and the surface was
equilibrated with modification buffer (10 mM sodium acetate pH 5.5)
until a constant response was obtained.

The immobilization of Van onto the SAM on gold consisted in a three-
step sequence: (1) Surface activation: three consecutive injections of a
mixture of 0.2 M N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hy-
drochloride and 0.05 M N-hydroxysuccinimide in water for 10 min each
one. (2) Binding step: three consecutive injections of 10 mM Van in 0.1
M N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) buffer, pH
8.3 in the signaling channel and 1 M EtAm in phosphate buffer saline
(PBS), pH 7.4 in the reference channel for 20 min each one. (3) Blocking
step: one injection of 1 M EtAm prepared in PBS, pH 7.4 in both channels
for 30 min. Brief washing with modification buffer was performed be-
tween steps. Finally, the modified surface was equilibrated with PBS, pH
7.4; (affinity solution, the buffer used in the selection) and used for the
binding experiments.

The full experiment consisted of recording successive independent
cycles of measurement: baseline provided the initial angle (m°i), injec-
tion of varying concentrations of aptamer prepared in affinity buffer (35
pL) in both channels, for 20 min (association phase) and after draining
the cuvette, injection of 50 pL of affinity buffer to record the dissociation
phase for 5 min (final angle, m°f). For each injected concentration, the
difference in the angle change was calculated as Am° = m°f — m°i at
each channel. The net angle change was obtained by difference between
the signaling and the reference channels.

2.3. Affinity evaluation of the immobilized aptamer

For the SPR setup, the bare Au chip was initially washed with
ethanol, dried under a nitrogen stream, and hydrated with 300 pL PBS
buffer for 1 h at RT. The Au chip was then covered with 300 pL of 1 pM
8H_1 solution prepared in the same buffer and left overnight at 4 °C in a
water-saturated atmosphere. The surface was washed with 300 pL of
PBS buffer and incubated with 300 pL of 100 pM MCH in PBS for 30 min,
at RT. After washing the excess MCH with 300 pL PBS, the prepared chip
was mounted on the SPR prism and used for the experiments, with PBS
as the running buffer at a constant flow rate of 60 pL/min. Prior to
analysis, the running buffer was filtered through a 0.2 pm pore diameter
filter and degassed for 1 h under vacuum (25 inHg) at 25 °C using a
Degassing Station (TA Instruments).

After obtaining a stable baseline, the PBS buffer was injected for
blank correction, and then 300 pL of 1-25 pM Van concentrations pre-
pared in PBS were injected for 300 s (association phase), followed by
300 s of running buffer through the system before a new injection
(dissociation phase and new baseline stabilization). All kinetic analyses
of aptamer binding were performed by fitting the data to the Langmuir
equation (R=Rpax X C/(Kp + C), where R and Rpax are the angle shift
and the maximum angle shift, respectively, Kp is the dissociation con-
stant and C the Van concentration, assuming a 1:1 interaction.

2.4. Computational modelling and docking

The molecular dynamics (MD) model of the 8H sequence in explicit
solvent was built using the APTAMD computational protocol [28]. We
used first the mfold algorithm to predict the 8H secondary structure, and
the resulting 2D model was transferred to the RNA-COMPOSER tool to
generate an initial 3D RNA model, which was transformed into the
equivalent DNA molecule, minimized, and solvated using the AMBER
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suite of programs [29]. Finally, the conformational space accessible to
8H was sampled by 2.5 ps of Gaussian-accelerated Molecular Dynamics
(GaMD), followed by 10.0 ps of conventional Molecular Dynamics
(cMD) to characterize the equilibrium properties of the aptamer. Further
details about the protocol and the detailed settings can be found in the
SIL

Docking calculations were conducted using Autodock 4.2 [30],
following a semi-rigid docking protocol that allowed the internal rota-
tion about twenty-three single bonds of Van. To introduce some degree
of flexibility in the aptamer, a series of Autodock calculations were
performed using the aptamer coordinates retrieved from the twelve
most populated clusters provided by the cMD simulation. In this way, we
obtained a total of 12 x 250 different poses for the 8H-Van complex, and
the 300 most favorable ones were subjected to geometry relaxation to
remove bad contacts and finally reranked in terms of the Autodock
scoring function.

2.5. Detection of Van on aptamer-modified AuSPE

The detection of Van with the aptasensor involved three main steps
following AuSPE conditioning: (1) aptamer immobilization via covalent
Au-thiol bonding; (2) blocking of the remaining active Au surface sites
with p-aminothiophenol (p-ATP); (3) incubation with the target in af-
finity buffer for 30 min; and (4) electrochemical detection by differential
pulse voltammetry (DPV) in the presence of 5 mM [Fe(CN)6]3’/ 4= so-
lution in 0.1 M KCl. A detailed protocol is provided in SI.

The analytical signal was determined by measuring the decrease in
the current intensity (Al/Ip (%)) after Van interaction, based on the
anodic current intensity before (Ip) and after (I) incubation, using the
following equation:

AI (Io —I) x 100

— (%)= A

i (€8]

2.6. Analysis in human serum

Recovery studies were performed with spiked commercial human
serum, pre-filtered through 0.45 pm syringe filter. Van concentration in
the spiked samples was determined in triplicate using the DPV calibra-
tion curve, and recovery rates were calculated.

Additionally, undiluted serum samples from ten patients undergoing
Van treatment at Cluj-Napoca Municipal Clinical Hospital were
analyzed with the aptasensor as indicated for the spiked samples and
validated with a homogeneous particle-enhanced turbidimetric inhibi-
tion immunoassay (PETINIA) using Multigent Vancomycin assay Kkit.
Further details are provided in SI.

3. Results and discussions
3.1. Screening of Van-binding aptamers

The amount of target used in SELEX is important though there is not
rule of thumb to make the decision. In MBs-SELEX high loading can yield
aptamers that bind simultaneously to two or more targets while low
loading can yield to SELEX failure due to excessive stringency. As a
compromise, we experimentally determined that a Van concentration of
20 mM yields approximately a monolayer of immobilized Van
(Figures S1 and S2). The SELEX procedure on MBs-COOH involved the
interaction with 1 nmol of ssDNA in the first round and 250 pmol in the
following ones, maintaining a 10:1 ratio (DNA: target). The incubation
time and number of washing steps were gradually varied throughout the
rounds to increase the stringency of selection, as shown in Table S2.
Negative steps were performed prior to each positive selection while
counter selection steps with MBs-Teico were initiated in the fifth round.
BSA and tRNA were added to the selection buffer to mimic the physio-
logical conditions of human serum and enhance the selection stringency.
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Fig. 1. A) Schematic representation of the SELEX process for Van aptamer selection and characterization, including all the key steps: (1) interaction of the ssDNA
library with MBs-EtAm (negative selection), MBs-Teico (counter selection from round 5), and MBs-Van (positive selection); (2) partitioning; (3) elution; (4) PCR
amplification; (5) conditioning; (6) cloning; (7) Sanger sequencing; (8) bioinformatic analysis and motif search; and (9) affinity evaluation. B) Enrichment analysis:
bound percentages of ssDNA from each SELEX round towards Van and Teico, determined by UV-VIS spectroscopy at 260 nm. Created with Biorender.com.

Fig. 1A provides an overview of the main steps and conditions used in
the nine rounds of selection.

The enrichment process and the effectiveness of the counter-
selection step were monitored using UV-VIS spectroscopy at 260 nm,
by calculating the percentage of DNA strands bound to MBs-Van and
MBs-Teico, respectively. Fig. 1B illustrates a progressive enrichment of
Van-binding sequences across the SELEX rounds, with the highest
binding percentage observed in round 7. This round yielded a maximum
binding of 47 % towards Van, indicating satisfactory sequence enrich-
ment, while maintaining minimal binding to Teico (<1 %), thereby
demonstrating high selectivity of the potential aptamer candidates. A

decrease in Van-bound percentage was observed after increasing the
washing steps to 5 x (round 6) and reducing the incubation time from
30 min to 15 min (round 8). Nevertheless, round 9 (conducted under the
same conditions as round 8) showed a partial recovery of binding (38
%), although still lower than that observed in round 7. Consequently,
round 7 was selected for cloning and sequencing, as it offered an optimal
balance between high binding affinity and selectivity under practical
assay conditions (30 min incubation), supporting the potential appli-
cability of the selected aptamers.

Gel electrophoresis of individual clones showed the presence of two
products (Figure S3). Sequencing demonstrated that the shorter
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fragments were primer-dimers, while the longer fragments corre-
sponded to the expected 88 bp PCR product. The long sequences were
further analyzed with bioinformatic tools for homology and repetitive
motifs. Prior to starting the in silico analysis, the primer regions were
truncated. The phylogenetic tree obtained with the Galaxy online tool
(Figure S4) allowed dividing the sequences into five distinct families (A
— E). Using Meme Suite software, we found 11 recurrent motifs present
in more than three sequences (Table S3). Figure S5 shows the multiple
sequence alignment (Galaxy), the location of motifs in each sequence
and the Gibbs free energy of the most stable structure as estimated with
mfold web server [31]. Together this information allowed us to select six

B) Cluster #0 (19.7%, 6-10 ps)
Cluster #1 (15.0%, 0-2.5 pus)

Analytica Chimica Acta 1374 (2025) 344519

candidates (bold and underlined), whose structures are shown in Fig. 2A
(Family A-7G, Family B-8H, Family D-9F and 11D, and Family E—6C
and 3C).

3.2. Affinity evaluation of aptamers by SPR

The affinity of the six aptamers selected was interrogated by SPR.
Initially, to maximize the SPR signal, the small molecule (Van) was
immobilized onto a mixed SAM containing carboxylic groups (Fig. 3A).
The nonspecific adsorption was evaluated in the reference channel
where only EtAm was anchored and subtracted from the Van channel.

Fig. 2. A) In silico prediction of the most stable secondary structures for six candidate aptamers selected via bioinformatic screening, highlighting their most
representative motifs. Structures were obtained with mfold [31] and displayed with Varna [32], under the following conditions: 25 °C, 0.150 M Na*. B) Super-
position of ribbon models for the 3D structure of 8H in the two most abundant clusters, with nucleobases involved in stable base pairs represented as sticks in cluster
#0. The dashed magenta line and the stick corresponding to nucleobase A35 highlight the displacement of hairpin 2 during the simulation. Most favored pose
obtained for the 8H-Van complex with the aptamer represented as a surface colored according to atom types and the ligand as sticks. Detailed view of some of the

8HeeeVan contacts (lines in magenta). Only polar H atoms are displayed.
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trations of Van (1, 2, 5, 25, and 50 pM).

After obtaining a stable baseline, increasing concentrations of each
aptamer were injected (100-2000 nM) and a binding curve was plotted
and fitted to the Langmuir model, assuming a one-to-one interaction
(Table S4). The Kp of all six aptamers were then calculated (Fig. 3B).
All aptamers show subpM Kp values. Aptamers 8H and 9F showed
the highest affinity, 263 + 41 nM and 313 + 43 nM, respectively.
Considering the uncertainty, both aptamers exhibit equal affinity;
however, aptamer 9F showed 1.75-fold higher maximum angle shifts,
suggesting that the binding site of Van is more accessible than that of 8H
in this surface architecture. Note that the Van surface coverage range
obtained in these experiments does not correlate with the Kp values,
ruling out overlap as a cause of fewer bound aptamers. It is also worth

noting that the sequences with the strongest secondary structures (3C
and 7G) were not the best binders. While some aptamers share several
motifs, we did not find any preferable motif as we reported previously
[331].

To assess the capture ability of the selected aptamer, a configuration
using aptamer 8H_1 anchored through the Au-S chemistry in a binary
SAM with MCH as antifouling agent was tested, although much smaller
signals were expected due to the small size of the antibiotic (Fig. 3C).
The Kp was calculated to be 5.4 + 1.3 uM (Fig. 3D), which is larger than
in the reverse configuration. Two explanations can account for this
finding: i) the multivalency effect on the Van-modified surface may still
be present despite precautions taken to limit the Van amount used in the
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SELEX, and/or ii) surface steric hindrance if the binding pocket of the
aptamer is near the 5’ end, which is used for aptamer immobilization
(discussed in section 3.3). Even though Kp, shifted from the nM to the pM
range, the applicability of this aptamer for TDM remains valid, given
that the therapeutic range of Van is in the pM domain (the recommended
trough concentration is 15-20 pg/mL Van, which is ~10-13.5 uM) [34].

Currently, there are only two SELEX studies reported in the litera-
ture, both employing Capture-SELEX for selecting aptamers targeting
Van [26,35]. The aptamer developed by Dauphin-Ducharme et al.,
which is widely used in clinical scenarios, has an electrochemically
determined Kp of 45.5 + 2.2 pM [26]. This sequence was further opti-
mized by truncation, improving the affinity up to 19.5 + 1.6 pM,
determined by isothermal titration calorimetry (ITC) [36]. A more
recent study employed a modified Capture-SELEX approach incorpo-
rating fluorescence-activated cell sorting technique, obtaining 80 nt
long sequences with Kp values via ITC ranging from 37.8 to 121 pM.
Further truncation of these aptamers did not consistently improve their
affinity, with the resulting Kp values between 50 and 174 pM [35].
Table S5 summarizes the main features of the Van-binding receptors,
including aptamers and peptides, reported so far. Our aptamers, without
any post-SELEX optimization, show higher affinity and could serve as
potential alternatives for designing aptasensors for therapeutic moni-
toring of Van.

3.3. Computational modeling of 8H

According to mfold, 8H features two consecutive hairpin motifs
formed by residues G6-C26 and G27-C39 (Figure S6). Both hairpins stay
structurally stable during the cMD simulation, presenting moderate Root
Mean Squared Deviation (RMSD) values and abundant (94-100 %) base
pair canonical interactions in the stem regions (Figure S7 and Table S6).
In contrast, the RMSD plot computed for the full aptamer displays a
remarkable structural evolution during the cMD simulation due to the
mutual reorientation of both hairpins. To show this rearrangement,
Fig. 2B presents the cluster representatives of the two most populated
clusters superposed considering the backbone heavy atoms in the first
hairpin, and with a magenta line displaying the shift of A35 located in
hairpin-2 (additional cluster representatives are collected in Figure S8).
Thus, at the beginning of the simulation, the loop region in hairpin-2 is
located close to the 5'-end due to G2eeeT32 (26 % of abundance in the
cMD trajectory) and G4eeeA35 (25 %) stacking interactions observed in
clusters #1 and #4. This initial arrangement evolves to give an alter-
native T3eeeA35 stack (23 %), as characterized in clusters #2, #6, and
#7 that populate the 2.5-5.0 ps interval. During the second half of the
simulation, the G27-G45 moiety of 8H reorients with respect to the T1-
C26 one and, for instance, a G5eeeG42 base pair (22 %) and a G4eeeT43
stacking contact (21 %) are present in the most abundant cluster #0
conformation. Concerning the terminal fragments, the 3-end (C40-G35)
is stably folded, forming a turn characterized by a highly abundant
C40eeeG45 Watson-Crick base pair (97 %), and its relative position is
linked to that of hairpin-2 thanks to a G27eeeG45 stacking interaction
(96 % in Table S7). In contrast, the residues at the 5-end (T1-G5) behave
as a disordered coil, presenting only stacking interactions with each
other with variable abundances in the range 40-97 % (see Table S7).

To gain insight into the binding mode between the 8H aptamer and
Van, we conducted docking calculations (Van 3D structure in Figure S9).
Interaction energies from the 300 more favorable poses of the 8H-Van
complex ranged between —16.3 and —11.5 kcal/mol. Considering the
six most favored 8H-Van complexes shown in Figure S10, it arises that
Van binds 8H preferentially at the stem region of hairpin-1 (G6-A10,
T22-C26), interacting also with some residues from the stem of hairpin-2
and/or from the 5’ or 3-ends. However, the exact binding mode depends
on the relative arrangement of the two hairpins, and on the conforma-
tion adopted by the highly flexible 5'-end. Interestingly, the structure of
8H in the most favored pose shown in Fig. 2B corresponds to that of
cluster #0, sampled during the last four ps of the cMD simulation of the

Analytica Chimica Acta 1374 (2025) 344519

aptamer. But the small energy difference between this pose and the
others in Figure S10 (<1.6 kcal/mol), does not allow us to be conclusive
in selecting one docking model for the 8H-Van complex. Moreover, the
flexibility characterized for the unbound 8H aptamer in solution sug-
gests that some degree of induced fit, associated to the folding of
hairpin-2 with respect to hairpin-1, may occur during the binding pro-
cess. In this way, additional contacts to those shown in Fig. 2B would
contribute to stabilize the complex.

3.4. Electrochemical aptasensing of Van

3.4.1. Aptasensor design and optimization

To validate the specific recognition and binding properties of the
selected 8H aptamer, an electrochemical sensing platform was designed
on disposable AuSPE. The thiolated 8H_1 aptamer was chemisorbed
onto the surface, which was then blocked using p-ATP, as shown in
Fig. 4A. Using a 2 pM 8H_1 concentration and blocking with 1 mM p-
ATP, the fabrication process was monitored by DPV (Figure S11) with 5
mM [Fe(CN)g] 4/3-in 0.1 MKCl as a soluble redox indicator. The current
decreased after each modification and after interaction with 50 pM Van,
demonstrating the recognition ability of the aptamer because of
impeded electron transfer.

We compared two different methods for SAM preparation: passive
incubation (IC) at RT and multipulse amperometry (MPA)-assisted
deposition. Both methods yielded comparable signal decreases (30.2 +
2.9 % for IC vs. 32.3 + 0.8 % for MPA). However, given the significantly
shorter immobilization time (1 h vs. 1 min), MPA was preferred.
Aptamer coverage is critical for optimal performance. We tested three
different concentrations (1, 2 and 5 pM). While the decrease in current
was slightly higher at 2 pM than at 5 pM (Fig. 4B, blue bars), the
interaction with 50 pM Van showed marked differences between the two
coverages. The signal change at 5 pM of aptamer was 6.2-fold lower than
at 2 pM, indicating that high coverage hinders the aptamer-Van binding
(Fig. 4B, red columns). Based on these results, the 2 pM 8H_1 aptamer
concentration was considered optimal and used for further sensor
fabrication.

Non-specific adsorption is an undesirable but a common issue when
analyzing clinical samples. We used an aromatic thiol instead of the
standard alkanethiols for backfilling because it offers several advan-
tages, particularly for small-molecule targets such as Van. They include
enhanced electrical conductivity due to the aromatic ring and structural
rigidity which enables a tailored organization of the SAM components
[37]. The anti-biofouling properties of p-ATP may contribute to a lower
background current compared to standard MCH [38]. Several p-ATP
concentrations (1, 5 and 10 mM) and MPA blocking times (60, 120 and
180 s) were evaluated. Increasing both parameters reduced the acces-
sibility of the redox probe to the electrode surface and decreased the
current drastically (up to 83.7 + 1.4 %, when 10 mM MPA was used for
60 s, Fig. 4C). Using 1 mM p-ATP as optimal concentration, we selected a
time of 120 s as a balance to obtain measurable currents while effec-
tively blocking the nonspecific adsorption. Indeed, the percentage of
signal change for 10 pM Van was higher when p-ATP was immobilized
for 60 s compared to 120 s (19.6 &+ 3.2 % vs. 13.6 + 1.0 %; Fig. 4D).
However, the control aptasensor without aptamer (covered only with 1
mM p-ATP) exhibited better antifouling properties at 120 s (1.3 &+ 0.7 %
vs. 9.8 4= 1.5 % obtained at 60 s), so it was selected.

Finally, we found that the optimal incubation time of Van, tested at
50 pM, was 30 min after which the equilibrium was reached (Fig. 4E).

3.4.2. Analytical performance of the aptasensor

The proposed electrochemical aptasensor was challenged to
increasing concentrations of Van under optimal experimental condi-
tions. As shown in Fig. 4F, a concentration-dependent change in the
signal was observed in the 2.5-50 pM concentration range. The
analytical signal, expressed as AI/Iy (%), displayed a linear relationship
with the logarithm of the Van concentration, with the following linear
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Fig. 4. A) Schematic representation of aptasensor fabrication process. Evaluation of the influence of B) 8H_1 concentration, C) p-ATP concentration, D) p-ATP
deposition time through MPA and E) target interaction time on Van assessment. The bars represent the change in DPV current expressed as percentage (difference
between the current after and the current before the step of interest divided by the current measured before). F) Percentage of DPV current change as a function of the
Van concentration (2.5-50 uM). Inset: Linear relationship between the percentage of current change and the logarithm of Van concentration. G) Interference studies:
the percentage of current change for 10 pM Van was considered 100 %. The percentage of current change in the presence of 10 uM interferent alone (Gentamicin -
Gen, Amoxicillin - Amx, Acetaminophen — Ace, Glucose — Glu) or in the mixture with 10 pM Van (10 uM each) was then measured and expressed as percentage of the
value measured with Van only. Glu was interrogated at physiological levels (500 pM) both alone and in the mixture. Error bars represent the standard deviation

calculated from three different aptasensors.

regression equation: Al/Ip (%) = 10.3 £+ 0.5 x log [Van] (uM) + 2.8 +
0.6, R> = 0.991. The limit of detection was estimated to be 1.5 pM
considering the logarithmic relationship and using equation (3) x ¢/S,
where o represents the standard deviation of the regression equation and
S is the slope.

Given the optimal Van trough serum concentrations (15-20 mg/L or
10.10-13.46 pM), the developed aptasensor is well-suited for TDM. Its
calibration within a clinically relevant concentration range enables the
quantification of both sub- and supratherapeutic Van levels. The fluo-
rescent aptasensor recently developed with a novel aptamer showed
similar analytical features (1-20 pM in buffer) The suitability to detect
Van in the therapeutic level was demonstrating achieving a LOD in

serum of 3.7 pM. This aptasensor relies on the strand displacement
triggered by the Van recognition. It requires 10 min to complete and an
extra DNA probe labeled with a quencher molecule [35].

The selectivity of the prepared aptasensor for Van was evaluated by
measuring its response to potentially interfering drugs commonly
administered to patients undergoing Van treatment, based on records
from ten hospitalized patients. These included Gen, Amx and Ace.
Additionally, Teico was tested to assess the ability of the aptamer to
differentiate between structural analogs. Each interferent was tested at a
concentration of 10 pM, following the same experimental conditions. To
ensure the sensor suitability for serum analysis, physiological levels of
Glu (500 pM) were also tested. The percentage of signal change at 10 pM
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Van was considered as 100 %, and the responses to individual inter-
ferents were expressed relative to this value. All interfering molecules
produced signal variations below 10 % (9.1 + 0.6 % for Gen, 3.9 + 1.3
% for Amx, 6.9 + 2.3 % for Ace, —0.5 + 3.7 % Teico, and 10 + 3.1 % for
Glu), confirming the high selectivity of the aptasensor towards Van
(Fig. 4G).

Moreover, when the aptasensor was incubated with a mixture of Van
with all the above-mentioned interferents, only a minor variation was
observed compared to the signal obtained for 10 pM Van alone (96.9 +
6.3 %), suggesting no significant interferences (Student’s t-test; p =
0.915 > 0.05). While the simultaneous presence of all these interferents
in the serum is uncommon, this approach was employed to rigorously
assess the specificity of the aptamer.

For stability assessment, aptasensors were fabricated and stored at
4 °C in water-saturated atmosphere, with their surface covered by 50 pL
of PBS buffer, to prevent dehydration. The sensors were then tested for
their ability to detect 10 pM Van after 1, 3, 5 and 7 days of storage
(Figure S12A). The electrochemical response in DPV (AI/Iy (%)),
remained consistent after 24 h of storage (~4 % observed decrease),
indicating good short-term storage stability under refrigerated condi-
tions. After 3 days, the signal decreased considerably (~20 %), sug-
gesting degradation of the aptasensor. This trend was further observed
after 5 and 7 days of incubation, with the DPV signal decreasing to a
maximum of ~30 %, suggesting further degradation while still main-
taining suitability for measurement. Regarding batch-to-batch repro-
ducibility, the response of five independently prepared aptasensor was
evaluated (Figure S12B). The current response toward 10 pM Van was
compared across the batches and the results showed acceptable repro-
ducibility with minimal variation in signal output (RSD = 3.5 %), sup-
porting the robustness of the fabrication protocol.

3.4.3. Applicability in human serum

To evaluate the performance of the aptasensor in more complex
biological matrices, commercial serum was spiked with various con-
centrations of Van (10, 15 and 25 pM) and subsequently analyzed. The
aptasensor was first incubated in unspiked serum to establish the blank
current, followed by incubation in spiked serum. The change in the
blank current signal was subtracted from the signal obtained for the
spiked samples, and the resulting difference was used to determine the
Van concentration based on the regression equation of the calibration
plot. The recovery rates ranged from 89 % to 110 % with a maximum
RSD of 5.2 % (Table S8). These results demonstrate that 8H aptamer
effectively recognizes and binds Van even in complex media.

Next, serum samples from 10 patients undergoing Van treatment
were analyzed. Table 1 shows that the concentrations of Van in the
serum samples obtained with the aptasensor are in good agreement with
the results of the standard method used in clinics (PETINIA) (Figure S12,
R? = 0.994). A two-tailed paired t-test was conducted to compare the
Van concentrations obtained using PETINIA and the electrochemical
aptasensor across the serum samples. There was no statistically

Table 1
Comparison of Van levels obtained in human serum samples by standard method
(PETINIA) and the developed electrochemical aptasensor.

Patient PETINIA (pM) Aptasensor (pM) Relative trueness” (%)
1 12.9 11.7 £ 1.5 90.4
2 7.1 6.5 + 0.6 91.1
3 9.7 10.1 + 0.6 104.2
4 7.5 7.6 £0.7 100.4
5 13.4 14.7 £ 0.1 109.6
6 20.7 17.7 £ 2.5 85.5
7 15.8 16.7 + 0.6 106.1
8 17.4 18.0 + 2.4 103.3
9 26.3 25.7 £ 1.6 97.9
10 16.0 16.5 + 2.1 103.5

2 Calculated as 100-relative error.
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significant difference between the two methods (p = 0.6943 > 0.05).

These results serve as a proof-of-concept to validate the capability of
the developed aptasensor to detect Van directly in real clinical samples
rather than in artificial matrices or spiked controls. Despite the limited
sample size, the aptasensor was able to stratify Van concentrations in the
clinically relevant range, supporting its potential for guiding therapeutic
decisions. However, broader clinical validation is essential to fully assess
the robustness and generalizability of the platform. Future studies will
expand to larger patient cohorts and consider potential interfering fac-
tors, such as inter-patient variability, clinical history, medication, and
hydration status, which may influence the sensor’s response and Van
concentration. Additionally, further optimization of the electrochemical
sensing platform by incorporating nanomaterials [39] with high elec-
trical conductivity and signal amplification strategies [40,41] to
enhance sensitivity might reduce the required incubation time and
improve the current LOD, thus improving its suitability for point-of-care
applications by faster analysis time and reliability under various phys-
iological conditions, particularly in sub-therapeutic scenarios. Finally,
this work lays a conceptual foundation for translating the aptasensor
technology into clinical settings. This must be supported by further
miniaturization using portable potentiostats, assessment of the ability to
detect Van in whole blood and validation through larger-scale clinical
trials.

While HPLC-MS is the primary technique employed for Van TDM due
to its high sensitivity and selectivity, it presents several limitations,
including the requirement for expensive instrumentation, the need for
trained personnel to perform complex operations, laborious sample
pretreatment which can extend the analysis time. Immunoassays are
increasingly used in clinical settings owing to their high sensitivity and
specificity, which are based on competitive antibody binding. The
availability of commercial reagent kits and a high degree of automation
with simple and rapid workflows are clear advantages for TDM. How-
ever, immunoassays are susceptible to interference from matrix com-
ponents, co-administered drugs and metabolites. Additionally, the
limited thermal and chemical stability of antibodies, along with their
high production costs, remain significant drawbacks [42,43]. Recently,
some concerns about finding falsely low Van concentrations using
PETINIA method have been raised and associated with alterations of
turbidity caused by free kappa light chains [44]. The electrochemical
aptasensor can skip this drawback, offering a fast, sensitive,
user-friendly and cost-effective alternative for Van TDM.

4. Conclusions

In this study, we show that when the small target molecule has at
least one suitable functional group for binding, MBs-SELEX is a simpler
and faster approach than capture SELEX for obtaining reliable aptamers
with affinity in the submicromolar range, requiring approximately half
the number of selection rounds. We observed a significant difference in
the apparent binding constant depending on the configuration of the
assay, that is, the molecule attached. This suggests an “avidity effect”
that occurs when the target is immobilized, despite efforts to limit the
amount of Van in the selection. It is apparent that further reducing the
amount of Van could help completely eliminate this effect. The affinity
in the configuration used for the aptasensor is slightly better than the
first Van aptamer and one-order of magnitude better than the recently
raised Van aptamer after truncation, supporting calibration within the
clinically relevant range. The APTAMD computational protocol and
docking calculations provide us with a reliably obtained 3D structure for
the selected aptamer and several models for its complex with Van that
systematically point to the binding in the region connecting hairpins 1
and 2. The direct, unlabeled assay proposed for Van quantification does
not rely on strong conformational changes. This means that aptamer
truncation is not strictly necessary for functionality and measurable
signal generation. The aptasensor performance was successfully vali-
dated in clinical samples from hospitalized patients undergoing Van
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treatment, showing strong agreement with the clinical standard immu-
noassay. This study serves as a foundation for on-site TDM using elec-
trochemical sensors, providing a rapid and accurate tool for
personalized medicine and real-time dose adjustments without the need
of waiting for centralized overcrowded analysis. We envision improved
performance using nanostructured electrode surfaces.
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