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A B S T R A C T

The increasing use of bioinoculants to enhance soil quality and crop productivity requires efficient sensor 
platforms for fast monitoring. EU and national registration demand analytical methods to evaluate environ
mental fate and long-term effectiveness. Addressing these challenges requires evaluating bioinoculant persis
tence and impact on microbial communities, emphasizing the need for reliable detection methods in soil.

This study presents an innovative aptamer-based sensing platform using Quartz Crystal Microbalance with 
Dissipation monitoring (QCM-D) to detect microbial inoculants in soil extract, establishing the basis for portable 
sensors. The QCM-D platform is functionalized with single-stranded DNA (ssDNA) aptamers specifically designed 
to detect Bacillus subtilis strains. Specificity and selectivity are evaluated using inactivated B. subtilis in buffer and 
compared with negative controls (P.protegens and mixed samples).

One aptamer exhibits outstanding specificity, producing a statistically significant distinction between positive 
and negative controls (p = 0.019) with a limit of detection (LoD) between 105 and 106 CFU/ml.

To validate performance in real matrices, the platform is applied to inoculated soils. Two distinct soils are 
tested: sandy soil from Poland (neutral pH) and sandy loam from Germany (sub-alkaline pH). An optimized 
bacterial extraction method yields QCM-D-compatible samples, revealing an average persistence rate of 
approximately 72 %. In Polish soil, B. subtilis generates a response significantly different from controls (p =
0.0002), while in German soil differences between B. subtilis and P. protegens are also significant (p = 0.04).

QCM-D analysis demonstrates significant specificity in both soils, as confirmed by triplicate experiments, 
supporting the aptasensor’s robustness and potential for on-site monitoring of microbial inoculants in complex 
soil matrices.

1. Introduction

The increased interest in bioinoculants for promoting soil health and 
crop productivity reflects a shift toward more sustainable agricultural 
practices [1,2]. Bioinoculants, including biofertilizers and biopesticides, 
are increasingly viewed as alternatives to chemical inputs, contributing 
to reduced environmental impact in line with EU policies such as the 
Green Deal and the Farm to Fork strategy [3]. However, broader 
adoption is hampered by uncertainties surrounding the efficacy and 

persistence of these microbial agents in soil, as well as their interactions 
with native soil microbiota [4].

These challenges highlight the need for precise and efficient tools 
capable of detecting and monitoring bioinoculants within complex 
matrices such as soil, providing insights into the ecological behavior of 
bioinoculants and their long-term effects on soil quality and plant 
productivity.

Traditional detection methods, such as culture-based assays, 
microscopy-based techniques and DNA amplification techniques (PCR) 
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[5], though effective, are often labor-intensive, costly, and not suited for 
field-based monitoring. In response, recent research has focused on 
developing biosensors that offer rapid, sensitive, and selective detection 
capabilities in complex environments [6,7]. Among these, aptamer- 
based sensors are particularly promising due to their high specificity, 
thermal stability, and flexible structure, making them suitable for 
detecting microbial targets without any need to extract nucleic acids, 
resulting in minimal sample processing [8,9].

Our goal is to harness the potential of aptamer-based detection and 
combine it with sensitive platforms to create automated and portable 
detection systems for microbial inoculants in soil extracts. In this 
context, the work by Manfredini et al. represents a significant 
advancement. They successfully isolated, selected, and characterized 
single-stranded DNA (ssDNA) aptamers to detect a specific Bacillus 
subtilis strain (PCM/B 00105) [10]. The genus Bacillus encompasses 
several well-known plant-growth-promoting bacteria (PGPB) species, 
including species widely marketed for their roles in enhancing plant 
protection, vigor, nutrient uptake, and stress resilience [11,12]. Bacillus 
subtilis, in particular, besides playing a key role in conferring biotic and 
abiotic stress tolerance to several plant species through a variety of mecha
nisms, is also involved in diverse processes that can promote soil health [13]. 
Therefore, the possibility of monitoring and tracking a species or strain 
belonging to this genus can substantially impact the optimisation of the 
bioinoculum applications.

Two ssDNA aptamers, named APT1 and APT2 (EU patent application 
EP4365292), were synthesized and demonstrated high affinity and 
specificity for B. subtilis strains, with dissociation constant (Kd) values in 
the nanomolar range and a maximum binding intensity (Bmax) of 
approximately 1. Validation of these aptamers was conducted on three 
types of inoculated soils with distinct chemical and physical 
characteristics.

In this study, we combined the detection properties of APT1 and 
APT2 with a gravimetric sensor based on acoustic wave technology: 
Quartz Crystal Microbalance with Dissipation monitoring (QCM-D). The 
sensitive element that we used was an AT-cut quartz crystal positioned 
between two circular electrodes of gold. Applying an RF voltage across 
the electrodes induces shear stress within the crystal via the piezoelec
tric effect. When the applied frequency matches the resonance frequency 
(set by the crystal’s thickness) a bulk acoustic wave (BAW) with shear 
polarization is generated. Monitoring the resonance frequency (and its 
specific overtones) is the key element in QCM-D detection. [14,15] 
According to Sauerbrey, under certain conditions (rigid, evenly 
distributed, and thin layers), there is a linear relationship between the 
resonance frequency shift of an oscillating quartz crystal and the mass 
changes on its surface. By exploiting this mass loading effect, it is 
possible to gather information on surface mass adsorption by recording 
the resonance frequency shift. [16] QCM-D monitors both frequency and 
the dissipation (D) of the acoustic wave to analyze surface layers. The D- 
value indicates the energy loss during the oscillation of the quartz crystal 
when interacting with a sample. A low dissipation value indicates 
minimal energy loss, meaning the layer behaves as rigid (ideal condi
tions for the Sauerbrey equation). A high dissipation value suggests 
significant energy loss, often due to viscoelastic behavior, uneven layers, 
or interactions with a viscous medium. In those conditions, the D-value 
supports alternative models to determine mass, thickness, and visco
elastic properties. Coupling these properties with a suitable surface 
functionalization of the quartz crystal enables the QCM-D to function 
effectively as a sensing technology. [17] There are important works that 
explore the potential of QCM-D in different fields, such as agrifood [18], 
medical diagnosis [19] and biomedical [20,21,22].

In recent years, the unique properties of aptamers and their ability to 
be immobilized on functionalized matrices have been proposed for the 
development of nanomaterial-based sensitive platforms (aptasensors) 
for the detection of microbial inocula. For example, aptasensors have 
been published for the detection of organic pollutants in environmental 
and biological samples, contaminants in water and soil, and food 

contamination in food and soil samples [23–25]. These types of apta
sensors primarily employ sensing technologies such as electrochemical, 
optical, and colorimetric transducers. In this context, the integration of 
an aptasensor based on acoustic wave technology for quantification of 
bioinocula in soil extracts represents, to the best of our knowledge, an 
original approach. Unlike culture-dependent methods or molecular as
says, this platform enables fast, label-free, and real-time detection of 
microbial inoculants directly in complex samples. The aptamer- 
functionalized QCM-D biosensor not only provides continuous moni
toring of inoculant persistence but also could offer a unique tool to 
support sustainable agriculture, optimize fertilizer application, and 
prevent commercial fraud. By delivering on-site, data-driven analyses, 
this technology paves the way for improved soil fertility management 
and enhanced crop yields, ultimately establishing a new paradigm for 
environmental monitoring and agronomic decision-making.

The present work examines the sensitivity, specificity, and selectivity 
of QCM-D quartz sensors functionalized with the APT 1 and APT 2 
specifically targeting the B. subtilis strain (PCM/B 00105). Initial 
screening identified the most promising aptamer by analyzing inacti
vated B. subtilis samples (positive control) and P. protegens (negative 
control) in a clean buffer. The best-performing aptamer was then eval
uated in detecting a real sample, comprising an extract from soil inoc
ulated with various bacterial strains. An extraction protocol was 
carefully developed to ensure compatibility with the QCM-D micro
fluidic system. Additionally, tests were conducted on two distinct soil 
types, Polish and German, to assess performance under varying 
conditions.

2. Material and methods

2.1. Reagents

Water, sodium carbonate (≥99.5 % purity), and sodium bicarbonate 
(≥99.5 % purity) were sourced from Sigma Aldrich (St. Louis, MO, USA), 
while absolute anhydrous ethanol was obtained from Carlo Erba Re
agents (Milan, Italy). 1,4-Dithiothreitol (DTT) was used as reducing 
agent for thiolated molecules (Sigma Aldrich, St. Louis, MO, USA); 11- 
mercapto-undecanoic acid (11-MUA, Mw 218.4 Da), 11-mercapto-1- 
undecanol (11-MUD, Mw 204.4 Da) as linker and spacers for probes 
(Sigma Aldrich); bovine serum albumin (BSA, Mw 66.5 kDa) as blocking 
proteins (Sigma Aldrich); N-(3-Dimethylaminopropyl)-N0-ethyl
carbodiimide hydrochloride (EDCl) and 2,3,5,6-Tetrafluorophenol 
(TFP) as coupling agents (Sigma Aldrich, purity degree >98 %). 
Phosphate-buffered saline (PBS, Merck Millipore, Burlington, MA, USA) 
was used as a buffering solution for the preparation and stabilization of 
inactivated bacterial samples. Binding buffer (Thermo Fisher Scientific 
Inc., Waltham, MA, USA) was used as a medium for resuspending bac
terial cells and facilitating the interaction with the initial ssDNA during 
the binding process. Sodium hydroxide solution (NaOH, 200 mM) was 
used to treat the bound ssDNAs, enabling the recovery of single-stranded 
DNA (ssDNA) in the supernatant. Tryptic soy agar (TSA, Merck KGaA, 
Darmstadt, Germany) was used as a culture medium. Sodium pyro
phosphate (Merck KGaA, Darmstadt, Germany) and Tween 20 (Merck 
KGaA, Darmstadt, Germany) were used as components of the extracting 
solution.

2.2. Bacterial isolation

Bacterial strains have been isolated at the National Institute of 
Horticultural Research (Skierniewice, Poland) and maintained in the 
SYMBIO BANK of the Institute.

The B. subtilis strain PCM/B 00105 was cultured in phosphate- 
buffered saline (PBS) and isolated through serial dilution up to a dilu
tion of 10− 7. The diluted samples were plated in duplicates on Trypticase 
Soy Agar (TSA) (Thermo Fisher Scientific Inc., Oxoid Ltd., Basingstoke, 
U.K.) and incubated at 30 ◦C for a period of 24 to 48 h.
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The Pseudomonas protogens strain was cultivated on nutrient agar 
medium (Thermo Fisher Scientific Inc., Oxoid Ltd., Basingstoke, U.K.), 
incubated at 30 ◦C for 24 h.

2.3. Aptamer selection

The SELEX process for selecting suitable aptamers utilized a random 
single-stranded DNA (ssDNA) library along with PCR primers [10] The 
ssDNA library consisted of a 40-nucleotide randomized region, flanked 
by approximately 20-nucleotide primer regions, forming an 84-nucleo
tide oligonucleotide. A biotin-modified reverse primer was employed 
in the STC-SELEX process [26]. Bacillus subtilis PCM/B 00105 was 
cultured overnight and then subcultured to reach about 1 × 108 CFU/ml. 
These cultured bacteria were washed with PBS and resuspended in a 
binding buffer. The initial ssDNA library (100 pmol) was mixed with 
10− 7 bacterial cells in a binding buffer and incubated for 1 h at room 
temperature. Unbound ssDNA was washed off, while bound ssDNA was 
recovered by centrifugation and heat treatment. The ssDNA was filtered 
using centrifugal filter units to remove impurities and its purity was 
assessed by checking the 260/280 nm absorbance ratio. The elution 
yield was calculated before and after binding using a spectrophotometer 
(Nanodrop1000 Thermo Fisher Scientific Inc., Waltham, MA, USA). The 
recovered ssDNA was amplified via PCR with unmodified forward and 
biotin-modified reverse primers. PCR products were purified, and 
ssDNAs were isolated from double-stranded DNA (dsDNAs) using 
streptavidin-coated magnetic beads (Thermo Fisher Scientific Inc., 
Waltham, MA, USA). The bound ssDNAs were treated with NaOH to 
recover ssDNA in the supernatant, purified again, and used for the sec
ond selection round, repeating this process for four rounds. After the 
final round, the isolated ssDNAs were amplified to obtain dsDNA, cloned 
using a TOPO TA Cloning Kit, and transformed into Escherichia coli 
DH10B cells. Plasmid DNA was purified from selected colonies, and the 
presence of inserted fragments was confirmed with restriction enzymes 
and PCR. The secondary structure of each sequence was predicted using 
Mfold [27].

2.4. Bacterial inactivation

Bacterial inactivation was performed on two microbial strains, Ba
cillus subtilis and Pseudomonas protegens, utilizing heat treatment. 
Following growth testing on a solid culture medium, 4–5 isolated col
onies were resuspended in sterile demineralised water to achieve a 
bacterial density of 0.5 CFU (McFarland, 1907). The bacterial suspen
sion was then inactivated at 70 ◦C for 10 min in a Thermal Mixer 
(Thermo Fisher Scientific Inc., Basingstoke, U.K.) with constant agita
tion set at 200 rpm. To verify inactivation, 100 μl of the treated mixture 
was plated onto a TSA culture medium and incubated at 30 ◦C for 24 h. 
Microscopic examination further confirmed that the bacterial cells 
remained intact after treatment.

Subsequently, a solution of 109 bacteria per ml was made up in PBS 
to test the functionalized aptamer detection system on the QCM-D 
medium.

2.5. Soil microcosm preparation and bacterial inoculation

Microcosms from two distinct soils were prepared to evaluate the 
effectiveness of the aptamers (for detailed information on the physical 
and chemical characterisations, please refer to Manfredini et al., 2023). 
The chemical and physical properties of these soils can be considered 
representative of various European soils. [28] To assess the efficacy and 
efficiency of bacterial recovery using aptamers, the soils were sterilised 
to eliminate potential interference from indigenous microflora. The 
sterilisation process involved three cycles in an autoclave (121 ◦C for 30 
min), each followed by a 24-h incubation period at room temperature. 
The success of the sterilisation was confirmed by inoculating TSA culture 
medium with serial dilutions of the sterilised soil in a physiological 

solution.
Upon establishing the sterility of the soils, triplicate microcosms 

were prepared using 2 g of soil, to which 500 μl of bacterial inoculum 
was added, consisting of a bacterial suspension with a concentration of 
107–108 bacteria per ml. An abiotic control was similarly prepared, but 
500 μl of sterile water was added instead of the bacterial inoculum. The 
microcosms were then incubated for five days at a temperature of 30 ◦C.

This method is in line with the real-world use case of microbial 
biofertilizers, which are used to inoculate the soils. The amounts used 
for the inoculation corresponded to the concentration used for the 
inoculation of these soils with live Bacillus subtilis under field applica
tion. The analysis was carried out in authentic soil matrix, and inocu
lation is intrinsic to the intended field application.

2.6. Bacterial cell extraction from soil microcosm

To facilitate the release of microorganisms from the soil microcosm, 
8 ml of an extracting solution (consisting of 0.1 % sodium pyrophos
phate w/v and 0.05 % Tween 20 v/v) was introduced to each soil 
microcosm. The mixture was then subjected to mechanical shaking at 
200 rpm for 30 min at room temperature. Following this, the soil 
microcosm was allowed to settle for an additional 30 min [29]. An 
aliquot of the supernatant was subsequently analyzed for bacterial 
presence using a Thoma-Zeiss hemocytometer chamber (Thoma, 1882) 
under a 40× magnification optical microscope. The number of cells 
present in each soil microcosm sample was recorded.

To ensure compatibility with the sensor platform, the extract is left to 
settle for at least 24 h to allow precipitation. After the settling period, the 
supernatant is carefully collected and transferred. This supernatant is 
then prepared for analysis using the designated sensor platform. Fig. S1 
in the supplementary materials describes this process.

2.7. Spectrometric profile of soil extracts

To investigate and quantify the differences in the composition of the 
extracts before and after sedimentation, a UV–Vis spectrophotometric 
analysis was conducted. The analyses were performed using a JASCO V- 
550 UV/VIS spectrophotometer (Jasco, Cremella, Italy). The absorbance 
spectrum was recorded over a wavelength range from 200 to 800 nm 
Baseline correction was applied using a blank solution prepared with 
extracting solution to eliminate background noise and ensure the reli
ability of the results.

2.8. Quartz crystal microbalance with dissipation monitoring experiments

QCM-D (E4 model, Q-Sense AB, Biolin, Sweden) measurements were 
conducted using AT-cut quartz crystals with gold surfaces. These crystals 
have a fundamental resonance frequency of 5 MHz, a diameter of 14 
mm, and a thickness of 100 nm. The fluidic cells were thermostatted at 
25 ◦C and measurement were performed in static mode (stop flow). The 
platform enables real-time measurement of the normalized frequency 
shift (ΔFn/n) and dissipation variation (ΔDn) across up to n = 7 odd 
overtones. In this study, the results are presented exclusively for the 3rd, 
5th, and 7th overtones, which were selected as the most representative.

To ensure the applicability of the Sauerbrey model, ΔDn values were 
checked, adhering to the criterion of ΔDn < 2.0 × 10− 6 as described in 
[16].

2.9. Aptasensor functionalization strategy

The functionalization strategy of the gold surface with aptamers is 
detailed and analyzed in Fig. 1. Specifically, panel a depicts a schematic 
representation of all the steps of quartz-crystal functionalization (not to 
scale). The initial step entails the formation of a self-assembled mono
layer (SAM), comprising 11-MUA as a linker and 11-MUD as a spacer. 
The spacer molecule serves to reduce the density of free carboxylic 
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groups while simultaneously enhancing the hydrophilicity of the sensor 
surface, thereby minimizing nonspecific adsorption [30,31]. The SAM 
solution is prepared as a 1:1 v/v water/ethanol mixture containing 11- 
MUA and 11-MUD, with an overall solute concentration of 2 mg/ml. 
The weight percent of 11-MUA to 11-MUD is fixed at 20:80. To this 
solution, DTT is added in a quantity corresponding to 0.1× mol/mol of 
free thiols. The incubation period prior to the final rinse is set at 30 min.

Activation of carboxylic acids is accomplished through the use of an 
aqueous solution containing 0.5 mM of EDCl and 0.5 mM of TFP, 

incubated for 10 min. This activation method produces tetra
fluorophenyl esters that are both more stable and more reactive toward 
amines, limiting the esterification between 11-MUA and 11-MUD, 
thereby increasing the efficiency of subsequent conjugation with the 
bioreceptor. The conjugation reaction is carried out under slightly basic 
buffered conditions [32].

Aptamer immobilization is achieved via the reaction between the 
activated adlayer and amine groups. The probe solution consists of 
aptamers in a carbonate/bicarbonate buffer at a concentration of 100 

Fig. 1. Functionalization: Panel a) Schematic representation of the quartz crystal functionalization (not in scale) showing I) formation of the self-assembled 
monolayer (SAM) composed of 11-MUA and 11-MUD in the presence of DTT as a reducing agent; II) activation of carboxylic acid groups in the adlayer via 
EDCI/TFP chemistry; III) aptamer immobilization through reaction between the activated adlayer and an amine group; and IV) application of a blocking solution of 
BSA to prevent nonspecific binding.
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μg/ml, incubated for 60 min.
The final step involves the injection of blocking solution composed of 

an aqueous BSA solution at a concentration of 1 mg/ml with an incu
bation time of 10 min.

2.10. Microscopic analysis of crystals after samples analysis

To support the data obtained via QCM-D, crystals were analyzed 
using an optical microscope (1/4” CCD color board camera with a 100×
microscope objective, Polytec). Images were captured across multiple 
regions of each crystal to ensure representative sampling, with four 
images per crystal analyzed using ImageJ software. This approach 
enabled the estimation of the average bacterial count per unit area. 
Furthermore, selected portions of the crystals were examined using a 
high-resolution scanning electron microscope (Zeiss Merlin SEM) to 
analyze the morphology and dimensions of the immobilized bacteria.

2.11. Data analysis and statistics

The values of ΔFn/n and ΔDn/n are reported, calculated as the dif
ference between the baseline acquired at the start of each measurement 
step and the post-rinse signals. During the functionalization monitoring 
phase, both for adlayer adhesion and correct aptamer binding, a series of 
N replicates were performed, with ΔFn/n (Hz) and ΔDn/n (dimen
sionless) continuously recorded. The results are presented as the mean of 
replicates (N), with error bars indicating the standard deviation (SD). 
The fundamental frequency (ΔF0) was excluded from the analysis due to 
its high sensitivity to environmental noise, while data related to the 3rd, 
5th, and 7th harmonics are presented to ensure reliability and accuracy.

In accordance with the Sauerbrey eq. [16], reported below: 

Δm = − C
ΔFn

n 

where C is a constant that depends on the physical characteristics of the 
crystal, the areal molar mass (mol/cm2) was calculated as the ratio be
tween the surface mass density and the molecular weight.

In the first step of bacteria detection (clean buffer), 4/5 experiments 
were conducted for each condition (negative and positive controls) for 
each aptamer. ΔFn/n (Hz) and ΔDn/n (dimensionless) were continu
ously recorded throughout the procedure. The results are presented as 
the mean of replicates, with error bars indicating the standard deviation. 
For simplicity, only data from the 3rd overtone were analyzed and re
ported in this phase.

Lastly, for soil detection, 3 replicates were performed for each con
dition (abiotic control, negative control, and positive control) for each of 
the two soil types. As in the previous phase, data were presented 
considering only the 3rd overtone to maintain consistency and facilitate 
data interpretation.

Statistical significance was evaluated using non-parametric t-tests on 
the obtained distributions, allowing for robust comparisons between 
experimental conditions.

2.12. Surface morphology analysis via atomic force microscope (AFM)

Atomic force microscopy (AFM, Dimension Icon, Bruker, Billerica, 
MA, USA) was carried out in Soft Tapping mode to evaluate surface 
morphology and estimate roughness of the sensor before and after 
functionalisation. All measurements were performed in air at room 
temperature and atmospheric pressure. The acquired data were pro
cessed and analyzed using Gwyddion (version 2.67).

3. Results

3.1. Functionalization of QCM-D crystals

We started our analysis by examining the functionalization process 
of the QCM-D crystals, as outlined in the previous section. Fig. 1, panel b 
depicts the pattern of the real-time monitoring of frequency and dissi
pation during the entire functionalization process, using the 3rd over
tone as representative. Particular attention was given to the formation of 
the self-assembled monolayer (SAM) composed of 11-MUA and 11-MUD 
in the presence of DTT as a reducing agent. Specifically, the frequency 
shifts and dissipation changes were analyzed for the 3rd, 5th, and 7th 
harmonics measured after water rinsing, following SAM incubation. 
Fig. 1, panel c, shows the bar plots of the cumulative signals corre
sponding to this phase. The frequency shifts across the harmonics are 
approximately − 20 Hz, and the average dissipation changes are close to 
the threshold value of 2 × 10− 6. Despite the dissipation change values 
being at the threshold limit of the Sauerbrey model, the molar areal mass 
was calculated using a molecular weight (mean from 11-MUA and 11- 
MUD) of 204.7 g/mol, considering only the 3rd harmonic. This resul
ted in a value of 2.0 ± 0.8nmol/cm2. Table 1 summarizes the average 
values from the entire set of measurements, encompassing all func
tionalization processes conducted.

To confirm successful aptamer binding and evaluate reproducibility, 
we analyzed the normalized frequency shifts and dissipation changes 
after post-rinsing with water following aptamer solution incubation. 
Fig. 1 (panel c) and Table 1, present the cumulative bar plots and results 
for APT 1 and APT 2, displaying frequency and dissipation signals. In 
this case as well, the Sauerbrey conditions were satisfied, allowing for 
the assumption of rigid adhesion. Specifically, an average frequency 
shift of approximately − 8 was observed, with dissipation changes 
ranging between 1.4 and 2.3 × 10− 6. These results enabled the calcu
lation of the molar areal mass, yielding values of 17 ± 6pmol/cm2 for 
APT 1 and 20 ± 7pmol/cm2 for APT 2.

To complete the characterization of the QCM sensor’s surface 
morphology, we performed AFM analysis of the main functionalisation 
steps; the results are reported in the Supplementary Materials (Fig. S2). 
AFM reveals a stepwise evolution. Clean Au displays a granular, poly
crystalline topography with low phase contrast, consistent with a uni
form, low-dissipation metal. SAM formation preserves the grain 
structure but drives the phase to more negative values with higher 
contrast; faint, less-negative ridges at grain boundaries suggest locally 
stiffer regions (exposed Au or compressed/ordered SAM). Aptamer 
immobilization further increases the negative phase and introduces 
discrete bright domains. After BSA blocking, filamentous features 
became evident, exhibiting a brighter phase.

Table 1 
Functionalization results.

SAM

3rd 5th 7th

ΔFn/n [Hz] − 23 ± 8 − 21 ± 8 − 20 ± 7
ΔDn /n 

[x106]
2,2 ± 1,8 2,0 ± 2,0 2,4 ± 1,8

​ APT 1

3rd 5th 7th

ΔFn/n [Hz] − 7 ± 3 − 7 ± 4 − 7 ± 4
ΔDn /n 

[x106]
2,3 ± 0,9 1,6 ± 0,6 1,9 ± 0,8

​ APT 2

3rd 5th 7th

ΔFn/n [Hz] − 8 ± 3 − 6 ± 2 − 7 ± 2
ΔDn /n 

[x106]
1,8 ± 0,7 1,4 ± 0,4 1,5 ± 0,5
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Panel b) Representative QCM-D traces (referenced to overtone 3) 
showing shifts in frequency (blue line) and dissipation changes (red 
line). The sensogram highlights the sequential events during the func
tionalization process, starting with crystal in water: 1 pre-rinsing with 
water/ethanol, 2 injection of the SAM solution, 3 rinsing with water/ 
ethanol, 4 rinsing with water, 5 injection of the activation solution, 6 
rinsing with water, 7 pre-rinsing with carbonate/bicarbonate buffer, 8 
injection of the aptamer solution, 9 rinsing with carbonate/bicarbonate 
buffer, 10 rinsing with water, 11 injection of the blocking solution, and 
12 rinsing with water. Panel c) SAM and Aptamers detection. Box plots 
on the first row show the QCM-D signals after SAM monolayer forma
tion, including frequency shifts and dissipation changes for overtones 3, 
5, and 7 (post water rinsing after SAM incubation, Step 4). The molar 
areal mass of the SAM, assuming rigid binding conditions and a mo
lecular weight of 204.7 g/mol, is also reported, considering only the 
third overtone. Binding APT1 (blue and red) and APT2 (purple and or
ange): bar plots show the QCM-D signal differences between water 
rinsing post-activation (Step 6) and post-aptamer incubation (Step 10). 
Frequency shifts and dissipation changes are reported for overtones 3, 5, 
and 7, while the molar areal mass is calculated using only overtone 3, 
with molecular weights of 7601.9 g/mol for APT 1 and 7288.7 g/mol for 
APT 2.

3.2. QCM-D aptasensor performance for detection of B. subtilis in clean 
buffer

The performance of the functionalized sensors with APT 1 and APT 2 
was assessed using inactivated bacteria in a clean PBS buffer matrix. 
Initial experiments were conducted to detect B. subtilis at a concentra
tion of 106 CFU/ml, allowing for an evaluation of sensor response under 
controlled conditions. To validate the specificity of the detection, 
additional tests were performed using P. protegens as a negative control, 
applying the same bacterial concentration (106 CFU/ml). Furthermore, 
a mixed solution containing both B. subtilis and P. protegens at equal 
concentrations was tested to further assess the selectivity of the 
aptasensor.

3.2.1. APT 1 performance in clean buffer
For the APT 1 functionalization, representative sensor response 

traces and cumulative bar plots are presented in Fig. 2. The detection of 
B. subtilis yielded an average frequency shift of − 3.3 Hz ± 0.9 Hz, 
accompanied by minimal dissipation changes of (0.3 × ± 0.3) × 10− 6, 
after the final rinsing phase. This distinct negative frequency shift and 
minimal dissipation change are distinctly observable in the real-time 
sensorgram (Fig. 2, panel a). These data highlight the consistency and 
reliability of the sensor response to B. subtilis in clean buffer, demon
strating the robustness of the aptasensor in capturing the target analyte.

Fig. 2. Performance of the APT1-functionalized biosensor for bacterial detection in clean buffer. Panel a): Representative QCM-D traces illustrating frequency shifts 
and dissipation changes during the detection process in PBS buffer. Sequential events are outlined as follows: (1) functionalized crystal pre-rinsing with PBS, (2) 
injection of inactivated bacteria sample at a concentration of 1 × 106 CFU/ml, (3) rinsing with PBS, and (4) final rinsing with water. From left to right, the traces 
correspond to the detection of negative control (P. protegens), B. subtilis and a sample composed of a mixture of the two bacterial strains. Panel b): Cumulative QCM-D 
frequency and dissipation responses (overtone 3) from multiple replicates for the negative control (P. protegens), the positive control (B. subtilis), and the mixture of 
the two strains. Despite the low number of replicates, the distributions passed the normality test, and the data are presented with the mean highlighted. The whiskers 
indicate the standard deviation. Statistically significant frequency shifts are observed, with a p-value of 0.019 for the comparison between P. protegens and B. subtilis, 
and 0.009 for the comparison between P. protegens and the mixture. The dissipation variations for all samples remain below the threshold of 2 × 10− 6, indicating rigid 
adhesion in accordance with the Sauerbrey model.
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To rigorously assess the specificity of APT 1, additional experiments 
were conducted using P. protegens as a negative control. As shown in the 
corresponding sensor response bar plot (Fig. 2, panel b), significantly 
smaller frequency shifts were observed compared to the positive control, 
with an average shift of − 1.7 Hz ± 0.4 Hz and negligible dissipation 
changes around zero (0.1 ± 0.1) × 10− 6, after the final rinsing phase. 
These results unequivocally demonstrate the lower binding affinity of 
APT 1 for P. protegens, reinforcing the high specificity of the aptasensor 
for the target B. subtilis.

To further substantiate the selectivity of APT 1, a mixture of B. subtilis 
and P. protegens at a total concentration of 106 CFU/ml was analyzed. 
The aptasensor response, depicted in the bar plot (Fig. 2, panel b), 
revealed average frequency shifts of − 3.5 Hz ± 0.7 Hz, with dissipation 
changes remaining consistently close to zero (0.3 ± 0.2) × 10− 6, after 
the final rinsing phase. Notably, a pronounced negative frequency shift 
is also apparent in the representative real-time signal trace (Fig. 2, panel 
a). These findings clearly demonstrate that the APT 1 sensor predomi
nantly interacts with B. subtilis, even in the presence of P. protegens, 
thereby confirming its high selectivity and reliable performance under 
competitive conditions.

The entire dataset is reported in Table 2. Statistical analysis using a t- 
test further validated the significance of these findings, yielding a p- 
value of 0.019 for the comparison between the negative control and 
B. subtilis, and a p-value of 0.009 for the comparison between the 
negative control and the mixture.

3.2.2. APT 2 performance in clean buffer
Following the same experimental framework used for APT 1, the 

performance of the APT 2 sensor was evaluated using inactivated bac
teria in a clean PBS buffer matrix. Representative sensor response traces 
and cumulative bar plots are presented in Fig. 3. Detection of B. subtilis at 
a concentration of 106 CFU/ml resulted in an average frequency shift of 
− 2.3 ± 0.9 Hz, with minimal dissipation changes of (0.4 ± 0.4) × 10− 6, 
after the final rinsing phase. This negative frequency shift and minimal 
dissipation change are clearly observable in the real-time sensorgram 
(Fig. 3, panel a). Although the response demonstrated good reproduc
ibility, the signal intensity appeared lower compared to APT 1, indi
cating a reduced sensitivity of the APT 2 sensor.

The specificity of APT 2 was assessed using P. protegens as a negative 
control. The analysis revealed an average frequency shift of − 2.0 ± 0.9 
Hz and an average dissipation change of (0.1 ± 0.4) × 10− 6 (Fig. 3 and 
Table 2), values closer to those observed for the target bacteria. This 
outcome highlights a reduced discrimination capacity between B. subtilis 
and P. protegens compared to APT 1, suggesting a lower binding speci
ficity of APT 2, likely due to non-specific interactions.

To further evaluate the selectivity of APT 2, a mixed sample con
taining B. subtilis and P. protegens at a combined concentration of 106 

CFU/ml was analyzed. The sensor response, depicted in the bar plot 
(Fig. 3, panel b), showed an average frequency shift of − 3.5 ± 1.2 Hz, 
with dissipation changes remaining consistently low at (0.2 ± 0.1) ×
10− 6, after the final rinsing phase. Despite the predominant interaction 
with B. subtilis even in the presence of P. protegens, the statistical analysis 
revealed no significant differences between the frequency shift distri
butions for the mixed sample and the negative control, indicating a lack 
of reliable differentiation. In this case, the statistical significance 

obtained with APT 1 is lost, confirming the reduced reliability of APT 2. 
The entire dataset is reported in Table 2.

To further evaluate the aptasensor’s performance, additional tests 
were performed at a lower concentration of 105 CFU/ml of B. subtilis for 
both aptamers. As described in the supplementary materials (Fig. S3), 
the sensor was unable to detect this lower concentration, suggesting a 
detection limit of about 106 CFU/ml.

Microscopic analysis of Crystals functionalised with APT1 and APT2 
and loaded with bacterial strains.

To validate the QCM-D signals, the functionalized crystals were 
examined under an optical microscope after incubation with bacteria to 
estimate the number of bacterial cells per unit area (U/mm2), as shown 
in Fig. S4 of supplementary materials.

For APT 1 functionalization, the bacterial counts were as follows: 
P. protegens = 920 ± 150 U/mm2, B. subtilis = 1660 ± 380 U/mm2, and 
the mixture = 1790 ± 290 U/mm2. For APT 2 functionalization, the 
bacterial counts were: P. protegens = 1050 ± 90 U/mm2, B. subtilis =
2220 ± 790 U/mm2, and the mixture = 1790 ± 410 U/mm2.

The results obtained from both aptamers demonstrated a high degree 
of consistency with the QCM-D analysis, indicating a strong correlation 
between the two methodologies. This correlation is particularly robust 
given that the QCM-D frequency shift is directly proportional to the 
adhered mass, and the bacterial counting method independently con
firms this relationship. This complementary approach, based on bacte
rial counting, reinforces the QCM-D results by directly correlating the 
observed frequency shift with the mass of adhered cells, thereby 
providing an independent validation of the sensor’s performance. The 
high level of statistical significance (p-value <0.0001) obtained when 
comparing both B. subtilis to P. protegens and the mixed bacteria sample 
to P. protegens,for both APT1 and APT2, further supports the reliability 
of the results.

3.3. QCM-D aptasensor capability for detecting B. subtilis in soil samples

3.3.1. Inoculation efficiency
Following soil inoculation with the two bacterial strains, bacterial 

recovery rates were assessed to provide insight into their persistence and 
viability, allowing for a better understanding of their interaction with 
the soil matrix and texture and thus about factors that could limit the 
cells detection and/or extraction. As expected, both strains were not 
detected in the non-inoculated control samples, confirming the sterility 
of the soil prior to their inoculation. Likewise, no other bacterial species 
were found in the tested soil extracts, ensuring that the introduced 
strains were the only microorganisms present. For inoculated Polish soil 
samples, the Thoma-Zeiss hemocytometer count revealed bacterial 
concentrations of 2.0 × 106 CFU/ml for B. subtilis and 2.8 × 107 /ml for 
P. protegens, compared to initial inoculum concentrations of 2.7 × 106 

/ml and 3.5 × 107 /ml, respectively. This resulted in calculated persis
tence rates of 74.4 % for B. subtilis and 80 % for P. protegens, indicating a 
good persistence of bacterial cells in this soil type.

For the German soil, initial inoculum concentrations were measured 
at 1.7 × 106 /ml for B. subtilis and 1.5 × 107 /ml for P. protegens. 
Following the bacterial release procedure, the recovered concentrations 
were 1.1 × 106 /ml for B. subtilis and 1.3 × 107 /ml for P. protegens, 
corresponding to recovery rates of 58.8 % and 73.3 %, respectively.

3.3.2. Soil extracts assessment
Before analysis, the samples were extracted to obtain a soil-derived 

liquid phase compatible with QCM-D microfluidic analysis. The 
extraction process was optimized through physicochemical character
ization, focusing particularly on sedimentation behavior to minimize 
interference from large particles on the QCM-D sensor surface.

The UV–Vis spectra of the turbid soil extract (green line in Fig. S1) 
and the extract after sedimentation (blue line in Fig. S1) were analyzed 
to compare their absorbance profiles and evaluate their compatibility 
with QCM-D microfluidic analysis. The turbid extract displayed 

Table 2 
Bacteria detection in clean buffer.

APT 1 APT 2

P. 
protegens

B. 
subtilis

Mix P. 
protegens

B. 
subtilis

Mix

ΔF3/3 
[Hz]

− 1,7 ±
0,4

− 3,2 ±
0,9

− 3,5 
± 0,7

− 2,0 ±
0,9

− 2,3 ±
0,9

− 3,5 
± 1,2

ΔD3 /3 
[x106]

0,1 ± 0,1 0,3 ±
0,3

0,3 ±
0,2

0,1 ± 0,4 0,4 ±
0,4

− 0,1 
± 0,5
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consistently high absorbance across the measured wavelength range, 
with a gradual and slight decrease toward higher wavelengths. In 
contrast, the extract after sedimentation showed a marked decline in 
absorbance beyond 400 nm, characterized by a rapid drop at higher 
wavelengths. This behavior indicates that the remaining fraction was 
predominantly composed of smaller, less absorbent aggregates or 
insoluble particles. The separation process effectively isolated the 
absorbing species within the liquid phase, resulting in a sedimented 
extract with minimal optical activity and a more defined spectral profile.

3.3.3. Performance of aptasensors with soil extracts
After evaluating and quantifying the performance of the two apta

sensors in clean buffer, the APT 1 functionalization was selected for 
testing in real soil samples. Indeed, in this analysis APT 1 demonstrated 
superior specificity and selectivity in detecting B. subtilis with respect to 
APT2, while maintaining excellent reproducibility. Furthermore, the 
values obtained through QCM-D analysis were corroborated by optical 
microscopy images, reinforcing the reliability of the results. Two types 
of soil with distinct chemical and physical characteristics were tested: 
sandy soil with a neutral pH (from Poland) and medium-textured sandy 
loam soil with a sub-alkaline pH (from Germany). The soil samples were 
prepared as described in the Materials and Methods section, and the 
resulting extracts, compatible with the QCM-D microfluidics, were 

analyzed to assess the performance of the sensor platform.

3.3.4. Polish soil
The first type of soil tested was a Polish soil sample. After completing 

the inoculum preparation and extraction protocol, the bacterial con
centration obtained for analysis was approximately 2 × 106 CFU/ml. 
Detection experiments were conducted using positive control samples 
(B. subtilis), negative control samples (P. protegens), and abiotic control 
samples (soil extract without inoculation) to evaluate the impact of the 
soil matrix on the sensor’s performance.

Fig. 4 presents the detection results for the Polish soil. Panel a show 
the real-time traces of frequency shift and dissipation (referred to the 
3rd overtone) during B. subtilis detection. The traces are well-defined, 
highlighting the sensor’s compatibility with the complex soil matrix.

Panel b, together with Table 3, display the cumulative detection 
results obtained from three replicates, presented as bar plots to illustrate 
the mean frequency shifts and dissipation changes for each sample type. 
For B. subtilis, the average frequency shift was − 4.2 ± 0.5 Hz, accom
panied by a dissipation change of (0.7 ± 0.4) × 10− 6. In contrast, the 
negative control (P. protegens) showed both frequency shift and dissi
pation change values close to zero: 0.7 ± 0.1 Hz and (0.9 ± 0.3) × 10− 6, 
respectively, statistically confirming the excellent specificity of the 
APT1 sensor for B. subtilis compared to P. protegens (p-value 0.0002).

Fig. 3. Performance of the APT 2-functionalized biosensor for bacterial detection in clean buffer. Panel a): Representative QCM-D traces illustrating frequency shifts 
and dissipation changes during the detection process in PBS buffer. Sequential events are outlined as follows: (1) functionalized crystal pre-rinsing with PBS, (2) 
injection of inactivated bacteria sample at a concentration of 1 × 106 CFU/ml, (3) rinsing with PBS, and (4) final rinsing with water. From left to right, the traces 
correspond to the detection of negative control (P. protegens), B. subtilis and a sample composed of a mixture of the two bacterial strains. Panel b): Cumulative QCM-D 
frequency and dissipation responses (overtone 3) from multiple replicates for the negative control (P. protegens), the positive control (B. subtilis), and the mixture of 
the two strains. Despite the low number of replicates, the distributions passed the normality test, and the data are presented with the mean highlighted. The whiskers 
indicate the standard deviation. In this case, it is not possible to achieve statistical significance for the difference among the various distributions of frequency shifts. 
The dissipation variations for all samples remain below the threshold of 2 × 10− 6, indicating rigid adhesion in accordance with the Sauerbrey model.
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Similarly, the abiotic control (soil extract without inoculation) 
exhibited an average frequency shift of − 0.4 ± 1.3 Hz and a dissipation 
change of (0.5 ± 0.2) × 10− 6, both consistent with the expected near- 
zero values and significantly different from B. subtilis (p-value 0.02). 
These findings demonstrate that the soil matrix has minimal impact on 
the QCM-D sensor performance, confirming its ability to maintain high 
specificity and reliable detection even in the presence of complex 
environmental samples.

In addition to QCM-D detection results, analysis of the microscopic 
images further corroborated the high specificity of APT1 and aligned 
well with the QCM-D results (Fig. 4, panels c,d). On average, approxi
mately three-fold higher numbers of B. subtilis cells were counted on the 

Fig. 4. Detection results for Polish soil. Panel a) shows the real-time traces of frequency shift and dissipation in response to B. subtilis detection, with a negative 
frequency shift of approximately − 4 Hz and a dissipation change close to zero. Panel b) presents the barplot and for each analyzed sample: B. subtilis, P. protegens, 
and the abiotic control. The corresponding frequency shift and dissipation change values are reported. Although the number of replicates is limited, the distributions 
satisfied the normality test, and the data are represented with the mean emphasized. The whiskers indicate the standard deviation. Statistical significance was 
assessed using a t-test, resulting in a p-value of 0.02 for the comparison between the frequency shift of the abiotic control and B. subtilis, and a p-value of 0.0002 for 
the comparison between P. protegens and B. subtilis. Panel c) presents a representative image of B. subtilis detection, along with an SEM inset illustrating bacterial 
dimensions. Panel d) further summarizes the average bacterial counts per unit area from the analysis, with B. subtilis at 1730 U/mm2 (SD = 500 U/mm2) and 
P. protegens at 570 U/mm2 (SD = 160 U/mm2).

Table 3 
Bacteria detection in soils.

Polish Soil German Soil

P. 
protegens

B.subtilis Abiotic P. 
protegens

B. 
subtilis

Abiotic

ΔF3/3 
[Hz]

0,7 ± 0,1 − 4,2 ±
0,5

− 0,4 ±
1,3

− 7 ± 3 − 17 ±
3

− 4 ±
1

ΔD3 /3 
[x106]

0,9 ± 0,3 0,7 ±
0,4

0,5 ±
0,2

2 ± 2 5 ± 2 1 ± 1
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crystal compared to P. protegens (1730 ± 490 U/mm2 for B. subtilis and 
570 ± 160 U/mm2 for P. protegens). These microscopy findings strongly 
support the high specificity of the aptasensor and align well with the 
QCM-D results, providing comprehensive validation of the sensor’s 
performance in a complex soil matrix.

3.3.5. German soil
The second type of soil tested was a German soil sample. After 

completing the inoculum preparation and extraction protocol, the bac
terial concentration obtained for analysis was approximately 107 CFU/ 
ml. The same detection strategy used for the Polish soil was applied.

Fig. 5 presents the detection results for the German soil. Panel a show 
the real-time traces of frequency shift and dissipation (referred to the 
3rd overtone) during B. subtilis detection. The traces appear well-defined 

and exhibit minimal noise, indicating that the soil extract is highly 
compatible with the QCM-D system.

Panel b, along with Table 3, present the cumulative detection results 
derived from three replicates, displayed as bar plots to illustrate the 
mean frequency shifts and dissipation changes for each sample type. For 
B. subtilis, the average frequency shift was − 17 ± 3 Hz, accompanied by 
a dissipation change of (5 ± 2) × 10− 6. In contrast, P. protegens exhibited 
a lower frequency shift of − 7 ± 3 Hz with a dissipation change of (2 ±
2) × 10− 6.

Abiotic control samples yielded an average frequency shift of − 4 ± 1 
Hz and a dissipation change of (1 ± 1) × 10− 6. Although the negative 
control values were not close to zero, statistical analysis demonstrated 
that the specificity of APT1 for B. subtilis remained significant when 
compared to both non-inoculated soil (p-value 0.0057) and P. protegens 

Fig. 5. Detection results for German soil. Panel a) shows the real-time traces of frequency shift and dissipation in response to B. subtilis detection, with a negative 
frequency shift of approximately − 19 Hz and a dissipation change near to 8 × 10− 6. Panel b) presents barplots and mean values of replicates for each analyzed 
sample: B. subtilis, P. protegens, and the abiotic control. The corresponding frequency shift and dissipation change values are reported. Although the number of 
replicates is limited, the distributions satisfied the normality test, and the data are represented with the mean emphasized. The whiskers indicate the standard 
deviation. Statistical significance was assessed using a t-test with a p-value of 0.04 for the comparison between P. protegens and B. subtilis Panel c) presents a 
representative image of B. subtilis detection, along with an SEM inset illustrating bacterial dimensions. Panel d) further summarizes the average bacterial counts per 
unit area from the analysis, with B. subtilis at 2420 U/mm2 (SD = 540 U/mm2) and P. protegens at 1190 U/mm2 (SD = 350 U/mm2).
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(p-value 0.04).
To further corroborate the QCM-D results, optical microscopy was 

employed. Panel c of Fig. 5 shows a representative image of B. subtilis 
binding, complemented by an SEM photo illustrating the bacterial 
morphology. The bacterial counts per unit area, summarized in panel 
d of Fig. 5, revealed an average of 2420 ± 540 U/mm2 for B. subtilis and 
1190 ± 350 U/mm2 for P. protegens. These microscopy findings align 
closely with the QCM-D results, reinforcing the aptasensor’s strong 
specificity and reliable performance in complex soil matrices.

4. Discussion

The first aim of this study was to assess the binding affinity and 
specificity of two different aptamers, APT 1 and APT 2, under controlled 
conditions in a clean buffer. This comparison allowed the identification 
of the most reliable candidate for subsequent experiments in complex 
matrices. Both aptamers demonstrated efficient binding to the sensor 
surface, as evidenced by distinct negative frequency shifts and minimal 
dissipation changes, indicating the formation of a rigid and stable 
binding layer. Regarding AFM morphology, as anticipated, aptamer 
immobilization increased the negative phase and introduced discrete 
bright spots, consistent with compact domains or micro-clusters on a 
continuous matrix. As reported by Takita et al. [33], very thin aptamer 
layers on gold did not markedly alter AFM morphology. After BSA 
blocking, filamentous or reticulated features (tens to hundreds of 
nanometres) appeared, markedly brighter in phase and consistent with 
densified protein aggregates along preferential pathways, while the 
background remained a soft organic film. This observation agrees with 
previous reports [34], confirming a stepwise surface evolution.

However, APT 1 consistently outperformed APT 2 in terms of spec
ificity and reproducibility. APT 1 showed significantly higher binding 
specificity for B. subtilis compared to P. protegens, with a clear and sta
tistically significant distinction between positive and negative controls 
(p-value <0.0001). Conversely, APT 2 exhibited higher variability and 
lower discrimination capacity, particularly when detecting B. subtilis in 
the presence of potential interfering species. These findings led to the 
selection of APT 1 for subsequent experiments involving more complex 
matrices. This result is in line with the findings of the preliminary study 
by Manfredini et al., where these two types of aptamers were synthe
sized and tested for the first time [10].

Additionally, the strong correlation observed between QCM-D and 
optical microscopy results for both aptamers highlights the robustness of 
the combined approach, as the frequency shift directly correlates with 
the adhered bacterial mass. This complementary validation strengthens 
the reliability of the QCM-D signals, as evidenced by the high statistical 
significance (p-value <0.0001) obtained when comparing both B. subtilis 
to P. protegens and the mixed bacteria sample to P. protegens.

Despite the overall consistency between the two methodologies, a 
marked difference emerged between APT 1 and APT 2 in terms of data 
variability. While APT 1 demonstrated consistent and reproducible re
sults, APT 2 exhibited significantly higher variability, particularly in 
B. subtilis samples. This variability could arise from non-specific in
teractions or heterogeneous binding, which not only affects the accuracy 
of bacterial counting but also reduces the strength of correlation with 
the QCM-D results.

Once APT 1 was established as the superior aptamer, the system was 
tested in complex soil matrices to evaluate its real-world applicability. 
We used three soils differing in their main physico-chemical parameters, 
which are known to influence the persistence of microorganisms: 
organic matter content, pH, and texture. Specifically, we investigated 
detection in a sandy soil with neutral pH from Poland and a medium- 
textured sandy loam soil with sub-alkaline pH from Germany.

The release of bacteria from soil particles and aggregates is a vital 
step in evaluating the microbial population within the soil. This stage is 
where considerable variation in the recovery of viable bacteria can arise. 
The main goal was to maximize bacterial extraction efficiency to reduce 

quantification errors during subsequent QCM-D aptasensor analysis.
The calculated persistence rates were 74.4 % for B. subtilis and 80 % 

for P. protegens in Polish soil, while in German soil the rates were 58.8 % 
and 73.3 %, respectively. These results indicate that both soil types 
supported bacterial persistence, with Polish soil demonstrating slightly 
higher recovery rates, suggesting better retention and viability condi
tions for the target organisms.

The choice to assess the performance of the aptasensor at a bacterial 
concentration of 106 CFU/ml is well-aligned with the concentrations 
typically found in B. subtilis-based biofertilizers, approximately 108 

CFU/ml. There is experimental evidence showing that, after inoculating 
the soil with B. subtilis, the bacterial population in the rhizosphere (the 
narrow region of soil directly influenced by plant roots) remained stable 
at approximately 108 CFU per gram of dry rhizosphere soil for one 
month. [35] Considering the extraction method using 2 g of soil and 8 ml 
of extracting solution, a value of 108 CFU/g corresponds to approxi
mately 2.5 × 107 CFU/ml in the extracting solution. The outcomes ob
tained at a concentration of 105 CFU/ml enable the determination of a 
limit of detection LoD for the experimental platform between 105 and 
106 CFU/ml, which is compatible with applications involving the 
monitoring of biofertilizers in soil.

The preparation of the soil-derived liquid phase was a critical aspect 
of this study, as it directly influenced the compatibility of the sample 
with the QCM-D microfluidic system. The extraction method was opti
mized to produce a clear, sediment-free liquid phase by focusing on 
sedimentation behavior and physicochemical characterization. An 
extract with reduced turbidity and fewer large particles proved partic
ularly suitable for use in QCM-D microfluidic studies, minimizing the 
risk of nonspecific deposition of large particles on the crystal surface. 
Moreover, the elution buffer was selected for its proven efficacy in 
detaching microbial cells from soil particles. Sodium pyrophosphate acts 
as a dispersing agent by chelating divalent cations (Ca2+, Mg2+) that 
stabilize soil aggregates, thereby weakening electrostatic interactions 
between particles and cells. Tween 20, a non-ionic surfactant, further 
reduces surface tension and disrupts hydrophobic interactions between 
bacterial membranes and soil organic matter. The combined action of 
these two agents facilitates efficient desorption of bacteria from soil 
particles while preserving cell integrity, ensuring consistent and repro
ducible recovery across different soil types.

These findings demonstrate the importance of optimizing extraction 
protocols to achieve optical clarity and minimizing scattering, thereby 
enhancing the reliability of the QCM-D detection system.

UV–Vis spectrophotometric analysis further confirmed the effec
tiveness of the sedimentation method, revealing that the resulting 
extract is markedly clearer and exhibits a sharp decline in absorption 
after 400 nm. This behavior indicates the removal of particles and 
chromophores associated with the precipitated fraction, thereby con
firming the suitability of the extraction process for producing a clean 
and compatible sample for QCM-D analysis.

The QCM-D analysis of soil samples demonstrated robust perfor
mance of the aptasensor, even in the presence of complex soil matrices. 
Both Polish and German soil extracts were analyzed, and the results 
confirmed the sensor’s ability to maintain high specificity and reliable 
detection. In Polish soil, B. subtilis was successfully detected with a mean 
frequency shift of − 4.2 ± 0.5 Hz, while P. protegens and abiotic controls 
showed frequency shifts close to zero, highlighting the excellent speci
ficity of the aptasensor in this matrix (p-value = 0.0002). Similarly, in 
German soil samples, the sensor maintained reliable performance 
despite the more challenging matrix conditions, demonstrating a fre
quency shift of − 17 ± 3 Hz for B. subtilis compared to − 7 ± 3 Hz for 
P. protegens, with significant differences between positive and negative 
controls (p-value = 0.04).

In both cases, despite the negative control values not being close to 
zero, statistical analysis confirmed the sensor’s specificity, with signif
icant p-values. This demonstrates that the aptasensor’s detection capa
bility is not compromised by the inherent complexity of the soil extract. 
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These findings confirm that the optimized QCM-D system is suitable for 
detecting bacterial contamination in diverse and complex soil 
environments.

The higher control values and elevated dissipation changes observed 
in the German soil samples can likely be attributed to the more complex 
composition of the loam soil matrix. Loam soils generally contain more 
nutrients, moisture, and humus, which may contribute to these effects. 
Furthermore, the high dissipation change value obtained for B. subtilis in 
the German soil is consistent with literature data, suggesting a dissipa
tion effect and a transition to a viscoelastic regime due to the high mass 
adhesion on the sensor. [36].

Furthermore, the strong agreement between QCM-D detection and 
microscopic analysis for both Polish and German soil samples reinforce 
the robustness and reliability of the aptasensor. In the Polish soil matrix, 
the three-fold higher number of B. subtilis cells observed microscopically 
compared to P. protegens further highlights the high specificity of the 
sensor, aligning well with the QCM-D results. Similarly, the high con
sistency between QCM-D detection and optical microscopy analysis for 
German soil samples demonstrates the robustness of the aptasensor, 
even in the presence of a complex environmental matrix.

In scientific literature, several studies have demonstrated the po
tential of combining QCM-D systems with aptamer-based functionali
zation for bacterial detection. Reported detection limits range from 102 

to 107 CFU/ml, which is consistent with the performance obtained in the 
present study. Notably, Yu et al. demonstrated the use of a QCM-D 
aptasensor to detect E. coli with a limit of detection (LOD) of 1.46 ×
103 CFU/ml, showcasing the technique’s sensitivity and speed [37]. 
Similarly, V.C. Ozalp et al. applied a QCM-D sensor functionalized with 
aptamers to detect Salmonella in milk samples, highlighting the capa
bility of this technology to perform in complex matrices. [38].

In this study, the performance of QCM-D crystals was tested imme
diately after functionalization, without investigating thermal and 
chemical stability in terms of long-term shelf life of the functionaliza
tion. However, several reports in the literature on aptasensors confirm 
the robustness of aptamer-based functionalization, as for instance in the 
work of Domsicova et al. [39], where the stability of the aptasensor was 
tested and validated with clinical patient samples, marking an important 
step toward real clinical application. In addition, as highlighted in the 
work of Manfredini et al. [10], ssDNA aptamers exhibit high thermal and 
chemical stability, being resistant to degradation and easily amenable to 
chemical modification and immobilization. These intrinsic features 
make them particularly suitable for the design of point-of-care devices 
based on pre-functionalized sensitive elements, such as QCM crystals.

Compared to conventional detection methods such as microbial 
culturing, quantitative PCR (qPCR), and genomic hybridization, the 
QCM-D-based aptasensor developed in this study offers distinct advan
tages. While culturing methods are time-consuming and require long 
incubation periods, the QCM-D aptasensor enables rapid and real-time 
detection. Similarly, although qPCR and genomic hybridization are 
highly sensitive, they demand sophisticated laboratory equipment and 
expertise, as well as extensive sample preparation steps that are not 
easily adaptable to field applications. In contrast, the QCM-D-based 
aptasensor demonstrated in this study provides near real-time detec
tion with high specificity and compatibility with chemically complex 
matrices like soil.

5. Conclusion

This study successfully demonstrates the applicability and robustness 
of a QCM-D aptasensor functionalized with two distinct aptamers, APT 1 
and APT 2, for detecting B. subtilis. The detection of samples is achieved 
through monitoring the resonance frequency of the QCM-D, which 
highlights the high affinity and reproducibility of the bacteria on the 
crystal surface.

In buffer, both aptamers performed effectively, but APT 1 exhibited 
superior selectivity and specificity (p = 0.019). This distinction led to its 

selection for soil analyses, consistent with previous findings on its strong 
binding affinity for B. subtilis strains. The QCM-D sensor, tested at con
centrations aligning with practical applications for biofertilizer moni
toring, demonstrated a limit of detection (LoD) between 105 and 106 

CFU/ml, suitable for field-relevant concentrations.In soil matrices, APT 
1 consistently enabled the reliable detection of B. subtilis, showing a 
strong correlation between image-based bacterial counts and QCM-D 
frequency shifts. Polish soil samples closely paralleled the results from 
clean buffer, underscoring the sensor’s specificity and limited interfer
ence from the soil matrix. The German soil samples, while presenting 
additional complexity and viscoelastic behavior, nonetheless permitted 
significant distinctions between B. subtilis and controls, reaffirming the 
aptasensor’s versatility across varied soil types. Statistical analysis val
idates specificity across soils (p = 0.0002 in Polish soil; p = 0.04 in 
German soil). Microscopy corroborates these findings, revealing 
approximately three-fold higher B. subtilis cell counts compared to 
P. protegens.

To the best of our knowledge, this is the first QCM-D–based apta
sensor reported for the detection of a bacterial inoculant in soil. The 
functionalization with APT 1 provides a promising platform for the se
lective and sensitive detection of B. subtilis in both controlled and 
complex soil environments. Moreover, we developed an extraction 
technique capable of producing a sample compatible with the micro
fluidics of the sensor platform, yielding recovery rates of ~72 % and 
ensuring suitability for field applications. As previously anticipated, the 
results obtained in terms of LoD, rapidity, and simplicity of detection are 
consistent with those reported in the literature on QCM aptasensors for 
bacterial detection.

As already mentioned in introduction, regarding the field of moni
toring of bioinoculants in soil, the most innovative methods described in 
the last years mainly rely on real-time polymerase chain reaction 
(qPCR). For instance, the work of Iosa et al. developed a qPCR protocol 
for the species-specific quantification of plant growth-promoting rhi
zobacteria (PGPR) in agricultural soils. This study provides a rapid 
evaluation of large-scale field experiments (as opposed to traditional 
culturing methods) and ensures a reliable monitoring of PGPR presence 
up to one month after inoculation. [40].

In the field of plant pathogen detection, the review “Portable solutions 
for plant pathogen diagnostics: development, usage, and future potential” 
highlights that the most significant technological innovations can be 
grouped into (in addition to nucleic acid amplification methods) elec
trochemical, optical, and immunoassay-based approaches (such as 
ELISA and lateral flow assays) [41]. These strategies have significantly 
contributed to the development of portable diagnostic tools, aiming to 
provide more accessible, user-friendly, and rapid solutions for pathogen 
detection in agricultural settings.

Compared to those approaches, our work introduces a gravimetric 
sensing method (QCM-D) coupled with specific aptamers, which offers 
several complementary advantages. First, QCM-D is a label-free tech
nology, providing real-time detection of binding events without the 
need for fluorescent probes, enzymes, or amplification reagents. This 
reduces both the complexity of the assay and the costs associated with 
consumables, maintaining excellent reproducibility. Second, QCM-D is 
inherently versatile: beyond simply detecting the presence of bio
inoculants, it can provide information on the viscoelastic properties of 
attached layers. Finally, with the growing commercial availability of 
portable QCM devices, this technology can be envisioned as a practical 
on field tool for monitoring in precision agriculture.

This makes it highly promising for in-field applications, where the 
combination of simplicity, rapid response, and cost-effectiveness is 
essential. By integrating these features, our approach can expand the 
toolbox of portable diagnostic solutions, offering an alternative path 
alongside electrochemical, optical, and immunoassay platforms. To fully 
realize this potential, extraction and detection times should be opti
mized, and functionalization and sample preparation strategies adapted 
for portable QCM systems [42] or other acoustic wave devices, such as 
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SAW sensors [43]. Ultimately, the development of portable and robust 
systems that maintain high sensitivity and specificity while minimizing 
analysis time will be essential for enabling practical on-site applications. 
In the perspective of future on-field applications, it will be essential to 
investigate the long-term stability of the functionalized sensors and to 
establish optimal storage strategies to preserve their functionality 
throughout time. The present aptasensor can also be applied to monitor 
the shelf life of bio-based products, ensuring quality and effectiveness 
over time. Furthermore, persistence tracking can allow farmers and 
manufacturers to improve product performance. These aspects may also 
support documentation required for registration and provide tools for 
regulatory bodies tasked with controlling and preventing fraud in the 
development and use of microorganism-based formulations.
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