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Abstract: Recent advancements in nanomechanical microcantilever biosensors open new
possibilities for clinical applications, permitting precise analysis of molecular interactions.
The technology enables tracking gene expression, molecular conformational changes, an-
tibody binding and antibiotic resistance. In particular, hybridization of DNA or RNA
extracted from biopsies and whole blood from patients has led to significant advancements
in diagnostics of critical medical conditions, e.g., cancer, bacteraemia and sepsis, utilizing
rapid, sensitive, and label-free detection. Direct diagnosis from patient samples is a deci-
sive advantage over competitive methods circumventing elaborate and time-consuming
purification, amplification and cultivation procedures prior to analysis. Here, recent devel-
opments are presented from simple DNA hybridization of synthesized oligonucleotides to
RNA material obtained from patients” blood samples, highlighting technological advance-
ments in diagnostic applications, such as detection of pathogens and disease biomarkers.
We envisage our method to be a significant input to rapid, early and sensitive diagnosis
directly from patients” blood without requirements for amplification or cultivation. This
would represent a paradigm shift in diagnostics, as no competing method currently exists.

Keywords: bacteremia; sepsis; nanomechanical biosensors; cantilevers; bacterial infections; total
RNA; rapid sensitive diagnostics; cancer diagnostics; biomolecular interactions; DNA hybridization

1. Introduction

There is a need for fast and reliable diagnostic devices that are compact and affordable
to implement in clinical settings or doctoral offices. Thus, rapid diagnosis is decisive for an
early treatment to the benefit of patients. The system we use is based on 8 nanomechanical
microcantilevers in an array format for surface stress detection based on scanning probe
microscopy beam deflection. In principle, the molecular interaction between an analyte
and receptor on a surface is transduced into a nanomechanical motion of a microcantilever,
denoted as static deflection mode. The receptors are immobilized using inkjet spotting [1]
as a layer on one of its surfaces (Figure 1). The array is mounted in a microfluidic cell
and exposed to a liquid sample. A multiway valve allows for switching between buffer
and different samples. Microcantilevers will bend due to biomolecular interactions and
bending is determined with a precision of 0.1 nm via a multiplexed laser beam deflection
readout. Biomolecular interactions produce a change in surface stress, due to changes
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in molecular configuration and intermolecular crowding [2,3], resulting in bending of
the cantilever. The molecular mechanism of surface stress-based adsorption has been
investigated by molecular dynamic simulations [4,5]. Others used a percolation model [6]
to explain surface stress changes at microcantilever surfaces. Surface stress changes can
also be directly observed by AFM [7]. In Figure 2 we show a schematic of binding via
DNA /DNA hybridization [8,9].
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Figure 1. (a) Eight gold-coated silicon microcantilevers 500 pm long and 600 nm thick arranged in an
array with a pitch of 250 um is shown being functionalized using an inkjet spotter (adapted from [1]).
(b) Schematic of experimental setup. Different liquid samples can be applied sequentially with the
help of a syringe pump and a multiway valve (adapted from [10]).
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Figure 2. Schematic of a nanomechanical biosensor experiment (adapted from [10]). (a) For simplicity
we only show 2 out of 8 sensors. Target specific gold coated cantilevers are functionalized with
thiolated DNA probes to corresponding targets in liquid samples. Internal references are mandatory
for differential readout to reduce thermal drift and nonspecific binding artifacts (b) Specific responses
are shown in red and references in black. (c) Averaged differential signal (differences in responses of
red specific and black reference cantilevers) with corresponding standard deviation.

1.1. Hybridization of Synthetic Oligonucleotides

Initial experiments were performed using chemically synthesized unlabeled DNA
target sequences. It was found that responses are target specific and concentration depen-
dent. The detection process is predominantly based on steric hindrance effects resulting
in nanomechanical bending. Experiments with different 3" and 5" overhang extensions
generally reduced the signal indicating that surface stress changes at the binding site of
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the oligonucleotides are mainly responsible for the development of the nanomechanical
bending response of the microcantilever sensor. Moreover, microcantilevers have been
applied to examine mechanically the thermodynamics of biomolecular interactions [11],
such as the equilibrium dissociation constant (K~!) and the change in Gibbs free energy
(AG) for DNA/DNA interactions occurring on the cantilever surface [12,13].

For a deeper understanding of protein expression, the technique has been applied to
the binding of transcription factors [14], which play an important role in the initial steps
of protein expression. They bind in a sequence specific way to double stranded DNA
initiating transcription of mRNA. Transcription factors SP1 and NF-«kB were investigated
using specific recognition sites. Here, hairpin loop forming [15] DNA oligonucleotides
comprising a sequence specific site in the stem for transcription factor binding, were
chemisorbed to gold-coated cantilevers via a terminal thiol group. By applying a range
of transcription factor concentrations from 100 to 400 nM we measured a concentration
dependence of the bending signal. Furthermore, recognition sites can be alternately used
as references for each transcription factor, emphasizing the specificity of transcription
factor binding.

1.2. Antigen Detection with Antibodies

As a medical application, continuous label-free detection of creatine kinase and myo-
globin (two cardiac disease biomarker proteins) was demonstrated using a microcantilever
biosensor array functionalized with anti-creatine kinase and anti-myoglobin whole antibod-
ies [16]. Protein biomarker recognition is detected via changes in surface stress generated
by antigen—antibody binding [17]. All experiments included reference cantilevers to pre-
vent signals from undesired effects, such as nonspecific binding. The method achieved a
sensitivity below 20 pg mL~! myoglobin. Detection of myoglobin and creatine kinase were
detected independently in an unspecific protein background using matching antibodies.
The array format allows for the use of up to seven different antigen—antibody reactions with
an additional in situ reference simultaneously. The main application lies in early and rapid
diagnosis of acute myocardial infarction. Detection of bacterial pathogens require a rapid
response for adequate treatment of sepsis patients. Here, lipopolysaccharide antibodies are
used to detect specific endotoxins to identify bacterial species responsible for the sepsis [18].

In the field of immunosensors, microcantilever arrays showed a performance compa-
rable to surface plasmon resonance [19]. Here, single-chain Fv (scFv) antibody fragments
were used as receptor probes. For direct and oriented covalent attachment to gold-coated
microcantilevers, a cysteine residue was introduced at the C terminus of a scFV thereby
improving sensitivity significantly. The introduction of oriented scFv fragments as probes
increased the sensitivity 1000-fold compared to whole antibodies.

1.3. Protein Conformation Changes

We applied the method to investigate changes in protein conformation [20] by func-
tionalizing a cantilever surface with light sensitive enzymes that change their conformation
upon exposure to light [21]. For this study, microcantilevers were functionalized with
proteoliposomes containing bacteriorhodopsin to investigate conformational changes in
membrane proteins. The key outcome was the detection of a light induced protein con-
formation variation due to the removal of the retinal, resulting in nanomechanical surface
stress change. The response is quantitative and depends linearly on the amount of removed
retinal. These results show the technique is capable to measure membrane protein-based
receptor-ligand interactions and conformational changes.
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1.4. Cancer Diagnostics

Our technique cannot only be applied to synthetic samples, but is currently taken to the
clinic examining biopsies and blood samples from patients. Different microcantilever based
studies address various types of cancers, e.g., breast, liver cancer and cancer biomarkers in
general [22-25]. We focused on the detection of specific cancer markers from malignant
melanoma, using the BRAF gene (gene B of Rapid Acceleration of Fibrosarcoma) [26] using
RNA targets isolated by a simple nucleic acid extraction step from natural samples, such as
tissue culture melanoma cells [27]. Additionally, we conducted a preliminary double-blind
study with biopsies from malignant melanoma. We detected a single nucleotide poly-
morphism (SNP, BRAFV6E) in total RN A extracted from biopsies [28]. The study clearly
distinguished BRAFV®"E positive cells and biopsies from BRAFV6"E negative samples
(Figure 3). This analysis also helps in identifying the proper mutations, here BRAFV"E  for
highly specific treatments (such as the BRAF inhibitor vemurafenib) that only target cancer
cells and will not affect healthy cells and thereby improve a patient’s condition.
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Figure 3. Hierarchical tree of a cluster analysis. 11 BRAFV®E positive (green branches, T_1-T_10),
11 BRAFV600E negative (red branches, T_11-T_21) tissue culture samples and 9 biopsies (Bio_1-Bio_9)
are shown. The BRAFV600E positive biopsies 1, 6, 7, and 9 are indicated in bold red and the BRAF V600E
negative 2, 3, 4, 5, and 8 biopsies are depicted in bold green. The method of sum of distances was
used to calculate the Euclidian distances (adapted from [28]).

1.5. Sepsis Diagnostics

A big advantage is that the same nanomechanical biosensor platform can be used to
examine gene transcription, translation and structural changes in enzymes. Particularly, sepsis
diagnostics will benefit from such devices, because of the presence of bacterial pathogens and
antibiotic resistances requires a quick adaptation of treatment strategies. K. E. Rudd et al. [29]
in a study estimated there were 30 million infections and 11 million sepsis-related deaths
worldwide in 2017. A more recent NIH study [30] published in 2023 shows a significant
increase of mortality rate in sepsis related cases. Moreover, sepsis accounts for about 2.9 million
worldwide deaths in children less than 5 years old. Therefore, fast and consistent diagnosis of
the pathogens is of great importance [31]. The reference standard for blood stream infections is
blood culture-based, but it has certain disadvantages such as a sensitivity of about 67.7% [32]
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and take considerable time to identify a bacterial species. Incubation time of blood cultures can
be up to 48 h for it to turn positive, at that point subcultures are prepared to get single bacterial
colonies. Many emerging technologies are under current investigation [33] to accelerate
diagnostics of sepsis among them are nanomechanical biosensors [6,34-37]. Nanomechanical
microcantilevers detected single nucleotide polymorphisms (SNPs) [38] and different genes
connected to antibiotic resistance in Gram negative (Pseudomonas aeruginosa) and positive
(Enterococcus faecium) bacteria, which represent common causes for multi drug resistant
(MDR) infections [39,40]. Highly specific RNA capture probes for SNPs in different ampicillin
resistances (ampRP13C or ampRE1#R) or various vancomycin resistance genes (vanA, vanB,
and vanD) were used which allowed us to identify the RNA of resistance markers in less than
5 min. Unprecedented sensitivity was achieved of less than ten bacterial cells, equivalent to
10 fg uL~! bacterial RNA, for ampR SNPs (Figure 4) and 1 bacterial cell, corresponding to
1 fg uL~! bacterial RNA, for vanD (Figure 5), as calculated from serial dilutions.
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Figure 4. Differential microcantilever responses to flushing with 1 pg uL~1 total RNA: (a) differential
signal (red) of mutation D135G and reference microcantilever. (b) differential signal (green) of
mutation G154R and reference microcantilever. Signal size is 28 + 3 nm at 1 pg uL~1 total bacterial
RNA. Present limit of detection (LOD) for total RNA extracted from P. aeruginosa umpRD135G (c) and
ampRCE1R () strains, respectively. In the insets an LOD of 10 fg uL~! is displayed as calculated from
the logistic fit, which corresponds to 10 bacterial cells with a sensitivity of less than 2 nm (adapted
from [39]).
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Figure 5. Injecting a total amount of 10 pg RNA at 100 fg uL.~! of vanA, vanB and vanD samples
yields specific responses (adapted from [39]). (a) Signal of vanA (blue) coated microcantilevers upon
injection of vanA producing E. faecium RNA versus vanB (red) coated microcantilevers. (b) Response
of vanB (red) coated microcantilevers upon injection of vanB producing E. faecium RNA versus vanA
(blue) coated microcantilevers. (c) Signal of vanD (green) coated microcantilevers upon injection of
vanD producing E. faecium RNA versus vanA (blue) coated cantilevers. (d) Determining a limit of
detection (LOD) for the vanD gene of E. faecium. 1 fg uL.~! to 40 ng uL~! serial dilution of total RNA
is measured. The inset shows an LOD of the method of 1 fg uL ™! as established from the logistic fit
which corresponds to a single bacterial cell.

In this studly, in clinics, frequently antibiotic resistance markers such as different SNPs in the
ampR gene important for ampC overexpression [41] were investigated. We designed probes for
surface modification covering the site of the SNP with significant overhangs up- and downstream.
While these overhangs decrease the response due to steric hindrance, they do not interfere in a
significant way with binding to the microcantilever. For the detection of whole genes, such as
vanA, vanB or vanD we can choose a position to place the probe sequence and therefore large
overhangs can be reduced to just one end of the RNA transcript. For that purpose, the location
of the probe was selected to be at the 3'-end of the gene to improve sensitivity due to the close
proximity of the binding site to the microcantilever surface [42]. Highly specific detection of vanD
RNA was demonstrated at only 1 bacterial cell per milliliter fluid. Additionally, to the exceptional
sensitivity and specificity, the method allows fast response times in the range of minutes. It
took typically 20 min after sample injection to measure an individual point in the Langmuir plot.
The limit of detection (LOD) is of great importance, because in some cases only low numbers
of bacteria per mL fluid may be present in the early stages of a bacterial infection. The high
sensitivity permits diagnosis directly from a patient’s specimen without culture, label-free and no
amplification, based on a simple RNA extraction. Antibiotic resistance genes, such as vanD are
detected in total RNA from 100 fg corresponding to just 1 bacterial cell. SNPs in the ampR gene
are detected in 1 pg total RNA equivalent to 10 bacterial cells.

We apply total RNA from two different bacterial species showing different resistance
mechanisms. AmpRG154R
fore require a higher concentration of total RNA for detection. This explains the 10 fg/pL

ratio in total bacterial RNA compared to vanD is lower and there-
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ampRG1R t0 1 fg/uL vanD concentration difference. The developments presented so far
show the vast progress microcantilever biosensors have made in recent years. This progress
paved the way for rapid and highly specific and sensitive detection of various diseases
at an early stage. The current study extends the application of the method to important
questions concerning sepsis in pediatric patients.

2. Materials and Methods
2.1. RNA Preparation from Blood

For performance assessment, we collected EDTA whole blood samples from children with
positive and negative blood cultures as controls at the University Children’s Hospital Basel.
Bacteria in the blood culture-positive material were identified using blood culture techniques [43].
For the total RNA isolation, the EDTA (ethylenediaminetetraacetic acid) whole blood samples
were first stabilized with RN Aprotect® Bacteria Reagent (QIAGEN GmbH, Hilden, Germany) by
mixing 1 volume of sample with 2 volumes of reagent, briefly incubating, centrifuging for 10 min
at 5000 g, and storing the pellet at —80 °C. On the day of RNA extraction, the pellet was treated
with TE buffer (MERCK) containing 15 mg/mL lysozyme (MERCK), and proteinase K (QIAGEN
GmbH) to break down cell walls. Following the addition of RNeasy Lysis Buffer (QIAGEN
GmbH) containing {3-mercaptoethanol (MERCK) and mechanical lysis using glass beads (MN
glass beads Typ B 740,812.50, Macherey-Nagel, Diiren, Germany), the supernatant was isolated
and mixed with ethanol. The RNA was then purified using the RNeasy® Mini Kit (QIAGEN
GmbH) including DNase digestion, aliquoted, and the concentration was measured using
Titertek-Berthold Colibri (Berthold Technologies GmbH & Co. KG, Bad Wildbad, Germany).
Concentrations were in the range of 5 ng/uL to 500 ng/ pL.

2.2. Biosensor Preparation

Microcantilever arrays were obtained from IBM Research (Riischlikon, Switzerland). A
procedure described previously [1] to functionalize microcantilevers with oligonucleotides
was applied. The arrays were cleaned for 15 min with a piranha solution (30% H0,:96%
H,SO4 =1:1, v/v) washed three times with water, finally rinsed with isopropanol and dried
in air. The arrays were first coated with a 2 nm thick layer of titanium followed by 20 nm
gold. The gold surface allows thiolated probe oligonucleotides to form a self-assembled
monolayer (SAM) for highly specific and sensitive detection of target molecules.

The oligonucleotides presented in Table 1 for the detection of bacteria were used during all
experiments. Microsynth AG (Balgach, Switzerland) provided the thiol modified oligonucleotides
at a concentration of 100 uM without dithiothreitol (DTT). Oligonucleotides were diluted to
20 uM in a buffer containing 50 mM tri-ethyl-ammonium-acetate buffer (TEAA) obtained from
Sigma-Aldrich (Buchs, Switzerland) and 1 mM tris(2-carboxyethyl) phosphine (TCEP) obtained
from Sigma-Aldrich (Buchs, Switzerland) and high-performance liquid chromatography (HPLC)
grade DEPC (0.1% diethylpyrocarbonate) treated water (BioConcept, Allschwil, Switzerland). A
Microdrop inkjet printer (MDP705L, Microdrop Technologies, Norderstedt, Germany) was used to
functionalize microcantilever arrays. Typically target specific probes, e.g., 165rRNA and reference
probes were applied, subsequently arrays were incubated for one hour at room temperature. The
array was placed in a measurement chamber with a volume of 15 pL filled with 0.03 x SSC (saline
sodium citrate buffer, prepared using 20 x SSC from Sigma Aldrich).

Table 1. Oligonucleotide probes used in the study.

Probe Sequence Use
16S-rRNA 5 GGACTACCAGGGTATCTAAT® Bacteria detection using 165-rRNA [44].
polyAC 5 ACACACACACACACACACACY Reference sequence for non-specific binding [45].




Biosensors 2025, 15,217

8 of 16

20 nucleotide long oligonucleotide probes enabled improved hybridization, because
probes shorter than 24 nucleotides form SAMs covalently attached by thiol groups [3]. A
standardized bacteria negative blood reference was created by pooling total RNA samples
from 15 bacteria negative adult individuals. The reference was used to establish a baseline
in advance of patient sample injection.

2.3. Experimental Procedure

The chamber was placed in a temperature-controlled box. Bending of all eight microcan-
tilevers was measured as described earlier with sub-nanometer accuracy [46]. All total RNA
samples were diluted in 0.03 x SSC buffer which was used throughout the measurements. First,
a baseline was established ahead of sample application by injecting total RNA extracted from
pooled whole blood samples of bacteria negative individuals to minimize nonspecific influences
from blood alone. Second, 100 pg L ~! RNA from bacteria positive patients was injected. Last,
buffer was used to purge sensors. We only use total bacterial RNA extracted from whole blood
samples, as RNA from other cells was removed during RNA extraction. Experiments were
conducted at 27 °C and with a flow rate of 20 uL/min for a total of 200 uL to 400 uL. We use
freshly prepared sensors for single use in each measurement, therefore long-term performance
stability is not an issue for the analysis.

3. Results

So far, we have demonstrated that nanomechanical biosensors can successfully be ap-
plied in the detection of biochemical reactions such as antigen detection, structural changes
in proteins, transcription factor binding and DNA /RNA hybridization with unprecedented
sensitivity and specificity, label free and rapid response. We have made the transition
from synthetic materials, i.e., oligonucleotides, to actual patient samples from the clinic.
The above presented achievements encompass cancer diagnostics based on biopsies and
blood samples from adult patients. In the following experiments we address sepsis in
pediatric patients. The swift detection of the bacterial pathogen, particularly in the initial
stages is crucial to prevent inflammatory responses and organ failures. To avoid lengthy
processes such as bacterial culturing, our method as pointed out above offers significant
advantages. As part of this preliminary study, we obtained total RNA from EDTA whole
blood samples from children with bacteremia confirmed through blood culture, which is
the current diagnostic gold standard.

3.1. Detection of Bacterial Pathogens

Initial experiments were conducted to show the feasibility of the method to identify the
presence of bacterial pathogens using the prokaryote small ribosomal subunit 165-rRNA
as the target sequence. This subunit is evolutionary very well conserved among different
bacterial species and therefore an ideal target for the detection of bacterial pathogens.
Nanomechanical biosensors show complete opposite reactions in the presence or absence
of 165-rRNA (Figure 6). Binding of the target 165-rRNA to the surface probes creates
a compressive stress resulting in a downward bending of the cantilevers. The probe is
designed to detect bacteria. In the absence of bacteria, no or only a small signal is observed
due to unspecific adsorption. The small residual signal might appear as a drift in Figure 6b
despite of differential measurements. It is actually the response to unspecific adsorption to
the lower surface of the microcantilever. In Figure 6a such residual signals also occur but
are suppressed by the much larger specific signal due to hybridization.
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Figure 6. Examples of measurement curves from the injection of total RNA samples from different
patients labeled in different colors. (a) Nanomechanical biosensors bend downwards, showing
representing 165-rRNA binding indicating a bacterial infection. (b) Sensors bend slightly upwards
due to residues from the purification steps despite of absence of 165-rRNA.

3.2. Comparison of Different Age Groups

Blood composition in children may vary with age [47] where changes in miRNA expres-
sion levels are observable. First, total RNA samples from healthy individuals are injected into
the measurement chamber to create a stable baseline and exclude nonspecific contributions.
To address the age issue, blood samples from a bacteria negative adult sample with children
of different age groups (Figure 7) were analyzed to assess the influence of blood composition
to the measurements. Bacteria negative patients show a positive differential deflection signal
whereas bacteria positive pediatric patients show throughout a negative differential deflection
signal, but no dependence on patients’ age was observed. All measured data clearly sur-
passed the limit of rejection (LOR). Bacteria negative (healthy) and bacteria positive (diseased)
pediatric patients can be clearly identified by the sign of the sensor response.
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Figure 7. Sensor responses by age group. The first 5 grey bars compare blood samples from healthy
individuals (controls), including an adult patient and pediatric patients of different age groups
(1-year-old infant, 3, 7 and 14-years old children). The next 6 green bars (with a positive signal) show
healthy pediatric patients, and the remaining 19 red bars (with a negative signal) are bacteria positive
pediatric patients. Also shown is the level of rejection (LOR) which is around 3 nm, above which are
considered bacteria negative.
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3.3. Extended Study with 233 Total RNA Samples

To establish the above findings, we conducted a larger study with 233 total RNA
samples from pediatric patients. The results were analyzed to calculate important key
figures to evaluate the performance nanomechanical biosensors (Equations (1)-(4), adapted
from [48]).

Sensitivity (SE) = TP/(TP + FN), 1)
Specificity (SP) = TN/(TN + FP), 2)

Positive predictive value (PPV) = TP/(TP + FP), (3)
Negative predictive value (NPV) = TN/(TN + FN), 4)

True positive (TP); True negative (TN);

False positive (FP); False negative (FN).

Sepsis in pediatric patients covered in this study was caused by a wide variety of
bacterial species. In Figure 8 the absence or presence of a bacterial infection can be clearly
inferred by the sign of the differential deflection signal in the vast majority of cases. The
low variation of response magnitudes reflects the high reproducibility of the approach.
Only a few measurements show false negative or false positive results as backed up by
clinical culturing findings. False positive results can be explained by the superior sensitiv-
ity of nanomechanical biosensors compared to standard culturing techniques. Standard
clinical culturing techniques seem not to be sensitive enough to detect minute bacterial
infections. False negative result may originate from possible contaminations during the
culturing process.

100 - True bacteria negative

)]
o
| -

True bacteria positive True Positive (TP)

Il Staphylococcus family
(different species)

B streptococcus mitis/oralis

Bl Pseudomonas aeruginosa

Il Kiebsiella oxytoca -
Escherichia coli

Il Vicrococcus sp.

alse bacteria positive

True Negative (TN)

I
a
o
PR I S S T

Il False Positive (FP)

False Negative (FN)
S. aureus / P. aeruginosa

o
]
F
False bacteria negative

A

o

o
1

differential deflection signals /nm

-150 -

Figure 8. Measurements of total RNA samples from pediatric patients depicting true bacteria positive,
true bacteria negative, false bacteria positive and false bacteria negative results. True bacteria positive
findings are categorized by different bacterial species (shown in different colors). Healthy individuals
can be recognized by a positive differential signal whereas diseased pediatric patients exhibit a signal
with a negative sign.

In Figure 9 the percentage of different bacterial species is shown. Characterization
showed the presence of gram negative (P. aeruginosa, K. oxytoca and E. coli, total ca. 13%)
as well as gram positive (Staphylococcus family, S. mitis, S. oralis and Micrococcus species
ca. 87%) bacterial species.
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Il Staphylococcus family
I Streptococcus mitis/oralis
Il Pscudomonas aeruginosa
B Klebsiella oxytoca

6% Escherichia coli

Il Viicrococcus sp.
7%
" \

18%

3%

63%

Figure 9. Pie chart showing the distribution of bacterial species covered in this study. The colors
match the colors in Figure 8. Determination of species was accomplished by previous culturing.

4. Discussion

Compared to other methods nanomechanical sensors show a higher sensitivity and
a faster measurement time. Particularly the standard culturing technique shows a lower
sensitivity and slower diagnostic time as shown in Table 2.

Table 2. Calculated values for Sensitivity (SE), Specificity (SP), Positive Predictive value (PPV), and
Negative Predictive Value (NPV).

Assay SE SP PPV NPV Diagnostic Time
gjri‘sz‘;;emanical 93% 88% 92% 89% 1h

ELISA 82% 73% 65% 88% 24h

RT-PCR 77% 88% 69% 91% 6h

Culture 60% 100% 100% 62% Up to 3 days

Higher SP and PPV values obtained with the culturing technique can be explained by
the fact that as soon as bacteria have grown the species can be readily identified. Higher
PPV values can be explained because false positives cannot occur in culturing. The low
NPV results probably from a lack of sensitivity of the culturing method.

Bacteria detection using nanomechanical recognition of 165-rRNA is a recent very
powerful method, but should be discussed in comparison with more traditional methods
being applied currently in standard laboratory and clinical routine. Among the most
frequently used methods in clinics are matrix-assisted desorption/ionisation time-of-flight
mass spectrometry (MALDI-TOF) [49-52], fluorescence-based sensors [53,54], colorimetric
sensors [55] and Surface-Enhanced Raman-Scattering [56]. Further concepts include voltam-
metric sensors [57], specific ligands for label-free detection of whole bacteria [58]. Bacterio-
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phages are viruses that infect bacteria and can be easily produced in large amounts. Detec-
tion is often done using electrochemical of optical techniques, such as surface-enhanced
Raman spectroscopy [59]. The use of bacteria-imprinted polymers [60] takes advantage of
mimicking bacterial structure by providing a template fabricated by lithographic, sol-gel or
polypyrrole imprinting. Recognition of bacteria is performed by electrochemistry, SPR, col-
orimetric or fluorescence techniques. Methods based on bioreceptors [61] are divided into
affinity-type sensors based on nucleic acid probes/antibodies and catalytic-type sensors
which utilize molecules that bind analytes via enzymes (as in ELISA), cells or tissues. An-
other promising strategy is the use of aptamers to detect bacteria [62-64]. Aptamer sensors
can be based on fluorescence probes, colorimetric assays, molecules that bind to aptamers
and excite surface plasmon waves upon incidence of light, colour change responses-based
surface reactions in lateral flow assays, as well as electrochemical reactions, i.e., changes
in current, voltage or impedance. Both detection of bacteria in liquid as well as airborne
bacteria has been achieved [62]. Often, whole libraries of aptamers (SELEX, systematic
evolution of ligands by exponential enrichment) are used for detection of a wide range of
bacteria based on single-stranded oligonucleotides [63].

Table 3 summarizes the limit of detection (LOD) for different recently introduced
bacteria reporter assays. Sensitivity among the various techniques varies from 5-6 CFU/mL
(nanomechanical biosensors, SERS dual-mode aptasensor) to 21,000 CFU/mL (ELISA).

Table 3. Comparison of reporter assays adapted from [64] with added data from nanomechanical
microcantilever assay.

Assay Limit of Detection (LOD)
Nanomechanical Sensors [10] 5 CFU/mL
Immunomagnetic quantum dots 1.0 x 10* CFU/mL
ELISA 2.1 x 10* CFU/mL

qPCR 125 CFU/mL

QCM sensor 150 CFU/mL
Colorimetric aptasensor 100 CFU/mL
Electrochemical impedimetric immunosensor 1.0 x 10° CFU/mL
Colorimetric and SERS immunochromatographic assay 50 CFU/mL

Dual-mode aptasensor 6 CFU/mL

5. Conclusions

This work highlights the feasibility of the method to diagnose sepsis in pediatric
patients. Rapid identification of sepsis causing bacterial pathogen is vital as sepsis is a
life-threatening condition. It can result in inflammatory responses and organ failure if
not treated properly. Time consuming culturing procedures are still the gold standard,
which can take up to 72 h. Our approach based on nanomechanical sensor arrays provides
ultra-rapid and high sensitivity.

We detect binding of 165-rRNA to matching oligonucleotide probes immobilized on
nanomechanical biosensors to reliably identify bacterial infections within minutes. A study
encompassing 233 samples from pediatric patients shows that bacteria positive (diseased)
patients reveal negative differential signal and bacteria negative (healthy) patients exhibit a
positive differential signal. Different bacterial species do not cause any problems for rapid
diagnosis of sepsis. The high sensitivity and prompt response make our technique superior
to classical bacterial culturing. The general applicability of the 165-rRNA probe enables
an amplification and label free assay. We envisage our method to be a significant input to
rapid, early and sensitive diagnosis from the bench to the bedside, directly from patients’
blood without requirements for cultivation.



Biosensors 2025, 15, 217 13 of 16

Author Contributions: FH., H.PL., J.A.B., C.G. and E.M. conceived and designed the experiments.
A M. prepared EDTA whole blood samples. EH. and H.P.L. prepared the nanosensor arrays. F.H.
functionalized the sensors, performed the experiments and analyzed the data. EH., HPL.,, AM., C.G.
and E.M. wrote the manuscript, critically advised and contributed to interpreting the results. E.M. and
C.G. were in charge of the overall direction and planning of this study, and all the authors commented
on the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: The work was funded by The Gottfried and Julia Bangerter-Rhyner-Foundation grant
(0003/2021-0097/2022). The project was supported by a Swiss National Science Foundation grant
(NRP72 program, number 407240_177354) awarded to Prof. Ernst Meyer. We thank the Swiss Nano-
science Institute (SNI), the European Research Council (ERC) under the European Union’s Horizon
2020 research and innovation program (grant agreement No. [834402]) and the Cleven Foundation
for financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: General consent to use left-over material was obtained from all
subjects involved in the study. After sample collection all data were anonymized.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding authors.

Acknowledgments: The authors recognize support from Michel Despont (currently at CSEM
Neuchatel) and Ute Drechsler (IBM Research Ziirich) in providing cantilever arrays. The authors are
in great debt to Daniel Miiller from the Department of Biosystems Science and Engineering (ETH
D-BSSE) and Adrian Egli from the University of Ziirich, Institute of Medical Microbiology for their
continuous scientific support. The electronic and mechanical workshops (Department of Physics,
University of Basel, Switzerland) are acknowledged for their excellent technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Bietsch, A.; Zhang, J.Y.; Hegner, M.; Lang, H.P,; Gerber, C. Rapid functionalization of cantilever array sensors by inkjet printing.
Nanotechnology 2004, 15, 873-880. [CrossRef]

2. Lang, H.P; Hegner, M.; Gerber, C. Cantilever array sensors. Mater Today 2005, 8, 30-36. [CrossRef]

3.  Steel, A.B.; Levicky, R.L.; Herne, T.M.; Tarlov, M.]. Immobilization of Nucleic Acids at Solid Surfaces: Effect of Oligonucleotide
Length on Layer Assembly. Biophys. . 2000, 79, 975-981. [CrossRef]

4. Shih, Y.; Chen, C.; Wu, K. First-Principles Surface Stress Calculations and Multiscale Deformation Analysis of a Self-Assembled
Monolayer Adsorbed on a Micro-Cantilever. Sensors 2014, 14, 7435-7450. [CrossRef] [PubMed]

5. Wu, H.A,; Sun, Z.H.; Cheng, Q.; Wang, X.X. Molecular mechanics modelling and simulation of the adsorption-induced surface
stress in micro-nano-cantilever sensors. J. Phys. Conf. Ser. 2007, 61, 1266-1270. [CrossRef]

6.  Bennett, I.; Pyne, A.L.B.; McKendry, R.A. Cantilever Sensors for Rapid Optical Antimicrobial Sensitivity Testing. ACS Sens. 2020,
5,3133-3139. [CrossRef]

7. Zhao, Y.; Gosai, A.; Kang, K.; Shrotriya, P. Multiscale Modeling Reveals the Cause of Surface Stress Change on Microcantilevers
Due to Alkanethiol SAM Adsorption. J. Chem. Inf. Model. 2020, 60, 2998-3008. [CrossRef]

8.  Fritz, J.; Baller, M.K,; Lang, H.P; Rothuizen, H.; Vettiger, P.; Meyer, E.; Gtintherodt, H.]J.; Gerber, C.; Gimzewski, ] K. Translating
Biomolecular Recognition into Nanomechanics. Science 2000, 288, 316-318. [CrossRef]

9. Zhang, ].Y.; Lang, H.P; Yoshikawa, G.; Gerber, C. Optimization of DNA Hybridization Efficiency by pH-Driven Nanomechanical
Bending. Langmuir 2012, 28, 6494-6501. [CrossRef]

10. Huber, E; Lang, H.P.; Heller, S.; Bielicki, J.A.; Gerber, C.; Meyer, E.; Egli, A. Rapid Bacteria Detection from Patients” Blood
Bypassing Classical Bacterial Culturing. Biosensors 2022, 12, 994. [CrossRef]

11.  Jelesarov, I.; Bosshard, H.R. Isothermal titration calorimetry and differential scanning calorimetry as complementary tools to
investigate the energetics of biomolecular recognition. J. Mol. Recognit. 1999, 12, 3-18.

12. Sibani Lisa Biswal, S.L.; Raorane, D.; Chaiken, A.; Birecki, H.; Majumdar, A. Nanomechanical Detection of DNA Melting on

Microcantilever Surfaces. Anal. Chem. 2006, 78, 7104-7109. [CrossRef]


https://doi.org/10.1088/0957-4484/15/8/002
https://doi.org/10.1016/S1369-7021(05)00792-3
https://doi.org/10.1016/S0006-3495(00)76351-X
https://doi.org/10.3390/s140407435
https://www.ncbi.nlm.nih.gov/pubmed/24763217
https://doi.org/10.1088/1742-6596/61/1/250
https://doi.org/10.1021/acssensors.0c01216
https://doi.org/10.1021/acs.jcim.0c00146
https://doi.org/10.1126/science.288.5464.316
https://doi.org/10.1021/la205066h
https://doi.org/10.3390/bios12110994
https://doi.org/10.1021/ac052171y

Biosensors 2025, 15, 217 14 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

McKendry, R.; Zhang, ].Y.; Arntz, Y,; Strunz, T.; Hegner, M.; Lang, H.P; Baller, M.K.; Certa, U.; Meyer, E.; Giintherodt, H.].; et al.
Multiple label-free biodetection and quantitative DNA-binding assays on a nanomechanical cantilever array. Proc. Natl. Acad. Sci.
USA 2002, 99, 9783-9788. [CrossRef] [PubMed]

Huber, F.; Hegner, M.; Gerber, C.; Giintherodt, H.J.; Lang, H.P. Label free analysis of transcription factors using microcantilever
arrays. Biosens. Bioelectron. 2006, 8, 1599-1605. [CrossRef]

Bonnet, G.; Krichevsky, O.; Libchaber, A. Kinetics of conformational fluctuations in DNA hairpin-loops. Proc. Natl. Acad. Sci.
USA 1998, 95, 8602-8606. [PubMed]

Arntz, Y,; Seelig, ].D.; Lang, H.P.; Zhang, J.; Hunziker, P.; Ramseyer, ].P.; Meyer, E.; Hegner, M.; Gerber, C. Label-free protein assay
based on a nanomechanical cantilever array. Nanotechnology 2003, 14, 86—90. [CrossRef]

Grogan, C.; Raiteri, R.; O’Connor, G.M.; Glynn, T.J.; Cunningham, V.; Kane, M.; Charlton, M.; Leech, D. Characterisation of an
antibody coated microcantilever as a potential immuno-based biosensor. Biosens. Bioelectron. 2002, 17, 201-207.

Katarzyna, N.; Kapczynska, K.; Rybka, J.; Lipinski, T.; Grabiec, P.; Skowicki, M.; Gotszalk, T. Microcantilever array biosensors for
detection and recognition of Gram-negative bacterial endotoxins. Sens. Actuators B Chem. 2014, 198, 114-124. [CrossRef]
Backmann, N.; Zahnd, C.; Huber, E; Bietsch, A.; Pliickthun, A.; Lang, H.P; Giintherodt, H.].; Hegner, M.; Gerber, C. A label-free
immunosensor array using single-chain antibody fragments. Proc. Natl. Acad. Sci. USA 2005, 102, 14587-14592. [CrossRef]
Braun, T.; Backmann, N.; Vogtli, M.; Bietsch, A.; Engel, A.; Lang, H.P.; Gerber, C.; Hegner, M. Conformational Change of
Bacteriorhodopsin Quantitatively Monitored by Microcantilever Sensors. Biophys. . 2006, 90, 2970-2977. [CrossRef]

Shelyakin, P.V.; Kovarskii, A.L.; Kasparov, V.V.; Fel’dman, T.B.; Ostrovskii, M.A. A Study of the Photoinduced Conformational
Mobility of Spin-Labeled Regenerated Rhodopsin by ESR Spectroscopy. Russ. J. Phys. Chem. B 2012, 6, 694-698. [CrossRef]
Etayash, H.; Jiang, K.; Azmi, S.; Thundat, T.; Kaur, K. Real-time Detection of Breast Cancer Cells Using Peptidefunctionalized
Microcantilever Arrays. Sci. Rep. 2015, 5, 13967. [CrossRef]

Li, C,; Ma, X,; Guan, Y.; Tang, J.; Zhang, B. Microcantilever Array Biosensor for Simultaneous Detection of Carcinoembryonic
Antgens and o-Fetoprotein Based on Real-Time Monitoring of the Profile of Cantilever. ACS Sens. 2019, 4, 3034-3041. [CrossRef]
Wang, J.; Wang, L.; Zhu, Y.; Zhang, J.; Liao, J.; Wang, S.; Yang, J.; Yang, F. A high accuracy cantilever array sensor for early liver
cancer diagnosis. Biomed. Microdevices 2016, 18, 110. [CrossRef] [PubMed]

Basua, A.K.; Basub, A.; Bhattacharyaa, S. Micro/Nano fabricated cantilever-based biosensor platform: A review and recent
progress. Enzyme Microb. Technol. 2020, 139, 109558. [CrossRef] [PubMed]

Ribas, A.; Flaherty, K.T. BRAF targeted therapy changes the treatment paradigm in melanoma. Nat. Rev. Clin. Oncol. 2011,
8, 426-433. [CrossRef]

Huber, F,; Lang, H.P; Backmann, N.; Rimoldi, D.; Gerber, C. Direct detection of a BRAF mutation in total RNA from melanoma
cells using cantilever arrays. Nat. Nanotechnol. 2013, §, 125-129.

Huber, F; Lang, H.P; Glatz, K.; Rimoldi, D.; Meyer, E.; Gerber, C. Fast Diagnostics of BRAF Mutations in Biopsies from Malignant
Melanoma. Nano Lett. 2016, 16, 5373-5377. [CrossRef]

Rudd, K.E.; Johnson, S.C.; Agesa, K.M.; Shackelford, K.A.; Tsoi, D.; Kievlan, D.R.; Colombara, D.V,; Ikuta, K.S.; Kissoon, N.; Finfer,
S.; et al. Global, regional, and national sepsis incidence and mortality, 1990-2017: Analysis for the Global Burden of Disease Study.
Lancet 2020, 395, 200-211. [CrossRef]

Gorina, Y.; Kramarow, E.A. QuickStats: Sepsis-Related Death Rates Among Persons Aged >65 Years, by Age Group and Sex—
National Vital Statistics System, United States. 2021. Available online: https://www.cdc.gov/mmwr/volumes/72/wr/mm723
8a5.htm?s_cid=mm?7238a5_w (accessed on 1 December 2024).

Chun, K.; Syndergaard, C.; Damas, C.; Trubey, R.; Mukindaraj, A.; Qian, S.; Jin, X.; Breslow, S.; Niemz, A. Sepsis Pathogen
Identification. J. Lab. Autom. 2015, 20, 539-561. [CrossRef]

Cheng, M.P; Stenstrom, R.; Paquette, K.; Stabler, S.N.; Akhter, M.; Davidson, A.C.; Gavric, M.; Lawandi, A.; Jinah, R.; Saeed, Z.;
et al. Blood Culture Results Before and After Antimicrobial Administration in Patients with Severe Manifestations of Sepsis A
Diagnostic Study. Ann. Intern. Med. 2019, 171, 547-555. [CrossRef]

Behera, B.; Vishnu, G.K.A,; Chatterjee, S.; Sitaramgupta, V.S.N.V,; Sreekumar, N.; Nagabhushan, A.; Rajendran, N.; Prathik, B.H.;
Pandya, H.J. Emerging technologies for antibiotic susceptibility testing. Biosens. Bioelectron. 2019, 142, 111552. [CrossRef]
Ferran, P.V,; Villa, R.; Alvarez, M. Nanomechanical Sensors as a Tool for Bacteria Detection and Antibiotic Susceptibility Testing.
Front. Mech. 2020, 6, 44. [CrossRef]

Sturm, A ; Jézwiak, G.; Verge, M.P.; Munch, L.; Cathomen, G.; Vocat, A.; Luraschi-Eggemann, A.; Orlando, C.; Fromm, K.; Delarze,
E.; et al. Accurate and rapid antibiotic susceptibility testing using a machine learning-assisted nanomotion technology platform.
Nat. Commun. 2024, 15, 2037. [CrossRef]

Zhou, J.; Huang, ].B.; Huang, H.Q.; Zhao, C.; Zou, M.Q,; Liu, D.J.; Weng, X.Y,; Liu, L.W.; Qu, J.L.; Liu, L.; et al. Fiber-integrated
cantilever-based nanomechanical biosensors as a tool for rapid antibiotic susceptibility testing. Biomed. Opt. Express 2023,
14, 1862-1873. [CrossRef] [PubMed]

Wang, J.J.; Xu, B.Z.; Zhu, Y.E; Zhao, ].Y. Microcantilever sensors for biochemical detection. J. Semicond. 2023, 44,023105. [CrossRef]


https://doi.org/10.1073/pnas.152330199
https://www.ncbi.nlm.nih.gov/pubmed/12119412
https://doi.org/10.1016/j.bios.2005.07.018
https://www.ncbi.nlm.nih.gov/pubmed/9671724
https://doi.org/10.1088/0957-4484/14/1/319
https://doi.org/10.1016/j.snb.2014.03.023
https://doi.org/10.1073/pnas.0504917102
https://doi.org/10.1529/biophysj.105.072934
https://doi.org/10.1134/S1990793112060127
https://doi.org/10.1038/srep13967
https://doi.org/10.1021/acssensors.9b01604
https://doi.org/10.1007/s10544-016-0132-5
https://www.ncbi.nlm.nih.gov/pubmed/27834053
https://doi.org/10.1016/j.enzmictec.2020.109558
https://www.ncbi.nlm.nih.gov/pubmed/32732024
https://doi.org/10.1038/nrclinonc.2011.69
https://doi.org/10.1021/acs.nanolett.6b01513
https://doi.org/10.1016/S0140-6736(19)32989-7
https://www.cdc.gov/mmwr/volumes/72/wr/mm7238a5.htm?s_cid=mm7238a5_w
https://www.cdc.gov/mmwr/volumes/72/wr/mm7238a5.htm?s_cid=mm7238a5_w
https://doi.org/10.1177/2211068214567345
https://doi.org/10.7326/M19-1696
https://doi.org/10.1016/j.bios.2019.111552
https://doi.org/10.3389/fmech.2020.00044
https://doi.org/10.1038/s41467-024-46213-y
https://doi.org/10.1364/BOE.484015
https://www.ncbi.nlm.nih.gov/pubmed/37206142
https://doi.org/10.1088/1674-4926/44/2/023105

Biosensors 2025, 15, 217 15 of 16

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Hansen, K.M.; Ji, H.E; Wu, G; Datar, R.; Cote, R.; Majumdar, A.; Thundat, T. Cantilever-Based Optical Deflection Assay for
Discrimination of DNA Single-Nucleotide Mismatches. Anal. Chem. 2001, 73, 1567-1571. [CrossRef]

Huber, F; Lang, H.P; Lang, D.; Wiithrich, D.; Hini¢, V.; Gerber, C.; Egli, A.; Meyer, E. Rapid and Ultrasensitive Detection of
Mutations and Genes Relevant to Antimicrobial Resistance in Bacteria. Glob. Chall. 2021, 5, 2000066. [CrossRef] [PubMed]
Wafula Ndieyira, ].W.; Watari, M.; Barrera, A.D.; Zhou, D.; Vogtli, M.; Batchelor, M.; Cooper, M.A ; Strunz, T.; Horton, M.A.; Abell,
C.; et al. Nanomechanical detection of antibiotic-mucopeptide binding in a model for superbug drug resistance. Nat. Nanotechnol.
2008, 3, 691-696. [CrossRef]

Nakano, R.; Nakano, A.; Yano, H.; Okamoto, R. Role of AmpR in the High Expression of the Plasmid-Encoded AmpC (3-Lactamase
CFE-1. mSphere 2017, 2, e00192-17. [CrossRef]

Stachowiak, J.C.; Yue, M.; Castelino, K.; Chakraborty, A.; Majumdar, A. Chemomechanics of Surface Stresses Induced by DNA
Hybridization. Langmuir 2006, 22, 263-268.

Kirn, T.J.; Weinstein, M.P. Update on blood cultures: How to obtain, process, report, and interpret. Clin. Microbiol. Infect. 2013,
19, 513-520. [PubMed]

Liu, W.L,; Li, L.; Khan, M.A.; Zhu, EZ. Popular molecular markers in bacteria. Mol. Gen. Microbiol. Virol. 2012, 27, 103-107.
Zhang, J.; Lang, H.P; Huber, F; Bietsch, A.; Grange, W.; Certa, U.; McKendry, R.; Glintgerodt, H.J.; Hegner, M.; Gerber, C. Rapid
and label-free nanomechanical detection of biomarker transcripts in human RNA. Nat. Nanotechnol. 2006, 1, 214-220. [CrossRef]
[PubMed]

Beaulieu, L.Y.; Godin, M.; Laroche, O.; Tabard-Cossa, V.; Griitter, P. A complete analysis of the laser beam deflection systems used
in cantilever-based systems. Ultramicroscopy 2007, 107, 422-430. [CrossRef]

Huen, K; Lizarraga, D.; Kogut, K.; Eskenazi, B.; Holland, N. Age-Related Differences in miRNA Expression in Mexican-American
Newborns and Children. Int. |. Environ. Res. Public Health 2019, 4, 524. [CrossRef]

Trevethan, R. Sensitivity, Specificity, and Predictive Values: Foundations, Pliabilities, and Pitfalls in research and Practice. Front.
Public Health 2017, 5, 307. [CrossRef]

Calderaro, A.; Chezzi, C. MALDI-TOF MS: A Reliable Tool in the Real Life of the Clinical Microbiology. Microorganisms 2024, 12, 322.
[CrossRef]

Viboud, G.; Asaro, H.; Huang, M.B. Use of matrix-assisted laser desorption ionization time of flight (MALDI-TOF) to detect
antibiotic resistance in bacteria. Am. J. Clin. Pathol. 2024, 161, 317-328. [CrossRef]

Loépez-Cortés, X.A.; Manriquez-Troncoso, ].M.; Kandalaft-Letelier, ].; Cuadros-Orellana, S. Machine learning and matrix-assisted
laser desorption/ionization time-of-flight mass spectra for antimicrobial resistance prediction: A systematic review of recent
advancements and future development. J. Chromatogr. A 2024, 1734, 465262. [CrossRef]

Gant, M.S.; Chamot-Rooke, J. Present and future perspectives on mass spectrometry for clinical microbiology. Microbes Infect.
2024, 26, 105296. [CrossRef] [PubMed]

Zhang, ].; Zhou, M.; Li, X.; Fan, Y,; Li, J.; Lu, K.; Wen, H.; Ren, J. Recent advances of fluorescent sensors for bacteria detection-A
review. Talanta 2023, 254, 124133. [CrossRef]

Liu, S.; Lu, E; Chen, S.; Ning, Y. Graphene oxide-based fluorescent biosensors for pathogenic bacteria detection: A review. Anal.
Chim. Acta 2025, 1337, 343428. [CrossRef]

Kang, J.; Yeom, G.; Jang, H.; Park, C.J.; Kim, M.G. Highly sensitive and universaldetection strategy based on a colorimetric assay
using target-specific hetero-geneous sandwich DNA aptamer. Anal. Chim. Acta 2020, 1123, 73-80.

Liu, Y.; Zhou, H.; Hu, Z; Yu, G,; Yang, D.; Zhao, J. Label and label-free based surface-enhanced Raman scattering for pathogen
bacteria detection: A review. Biosens. Bioelectron. 2017, 94, 131-140. [CrossRef]

Lopez-Tellez, ].; Ramirez-Montez, S.; Ferreira, T.A.; Santos, E.M.; Rodriguez, ]J.A. Application of Voltammetric Sensors for
Pathogen Bacteria Detection: A Review. Chemosensors 2022, 10, 424. [CrossRef]

Templier, V.; Roux, A.; Roupioz, Y.; Livache, T. Ligands for label-free detection of whole bacteria on biosensors: A review. Trends
Analyt. Chem. 2016, 79, 71-79. [CrossRef]

Paczesny, J.; Richter, L.; Hotyst, R. Recent Progress in the Detection of Bacteria Using Bacteriophages: A Review. Viruses 2020, 12, 845.
[CrossRef] [PubMed]

Hsu, C.-Y; Rizaev, ].A ; Pallathadka, H.; Mansouri, S.; Bokov, D.O.; Sharma, S.; Rathore, G.; Rajput, P; Mustafa, Y.F.; Abosaoda,
M.K. A review of new emergoiing biosensors based on bacteria-imprinted polymers towards pathogenic bacteria: Promising new
tools for selective detection. Microchem. J. 2024, 207, 111918. [CrossRef]

Khaleque, A.; Hossain, S.I; Ali, R.; Aly, M.A.S.; Khan, Z.H. Bioreceptor modified electrochemical biosensors for the detection of
life threating pathogenic bacteria: A review. RSC Adv. 2024, 14, 28487. [CrossRef]

Feng, R.-M.; Liu, Y.; Liu, Z.-Q.; Wang, L.; Chen, N.; Zhao, Y.; Yi, H.-W. Advances in nucleic acid aptamer-based detection of
respiratory virus and bacteria: A mini review. Virol. . 2024, 21, 237. [CrossRef] [PubMed]


https://doi.org/10.1021/ac0012748
https://doi.org/10.1002/gch2.202000066
https://www.ncbi.nlm.nih.gov/pubmed/33552553
https://doi.org/10.1038/nnano.2008.275
https://doi.org/10.1128/mSphere.00192-17
https://www.ncbi.nlm.nih.gov/pubmed/23490046
https://doi.org/10.1038/nnano.2006.134
https://www.ncbi.nlm.nih.gov/pubmed/18654189
https://doi.org/10.1016/j.ultramic.2006.11.001
https://doi.org/10.3390/ijerph16040524
https://doi.org/10.3389/fpubh.2017.00307
https://doi.org/10.3390/microorganisms12020322
https://doi.org/10.1093/ajcp/aqad160
https://doi.org/10.1016/j.chroma.2024.465262
https://doi.org/10.1016/j.micinf.2024.105296
https://www.ncbi.nlm.nih.gov/pubmed/38199266
https://doi.org/10.1016/j.talanta.2022.124133
https://doi.org/10.1016/j.aca.2024.343428
https://doi.org/10.1016/j.bios.2017.02.032
https://doi.org/10.3390/chemosensors10100424
https://doi.org/10.1016/j.trac.2015.10.015
https://doi.org/10.3390/v12080845
https://www.ncbi.nlm.nih.gov/pubmed/32756438
https://doi.org/10.1016/j.microc.2024.111918
https://doi.org/10.1039/d4ra04038d
https://doi.org/10.1186/s12985-024-02513-9
https://www.ncbi.nlm.nih.gov/pubmed/39350296

Biosensors 2025, 15, 217 16 of 16

63. Tang, Y,;Li, Y,; Chen, P.; Zhong, S.; Yang, Y. Nucleic Acid Aptamer-Based Sensors for Bacteria Detection: A Review. BioEssays
2025, 47, €202400111. [CrossRef]

64. Zhao, Y;; Qian, Y,; Qi Huang, Q.; Hu, X.; Gu, W.; Xing, H. Colourimetric and SERS dual-mode aptasensor using Au@Ag and
magnetic nanoparticles for the detection of Campylobacter jejuni. Talanta 2024, 270, 125585. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/bies.202400111
https://doi.org/10.1016/j.talanta.2023.125585
https://www.ncbi.nlm.nih.gov/pubmed/38150965

	Introduction 
	Hybridization of Synthetic Oligonucleotides 
	Antigen Detection with Antibodies 
	Protein Conformation Changes 
	Cancer Diagnostics 
	Sepsis Diagnostics 

	Materials and Methods 
	RNA Preparation from Blood 
	Biosensor Preparation 
	Experimental Procedure 

	Results 
	Detection of Bacterial Pathogens 
	Comparison of Different Age Groups 
	Extended Study with 233 Total RNA Samples 

	Discussion 
	Conclusions 
	References

