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The use of health-relevant bacteria originating from human micro-
biomes for the control or therapy of diseases, including neurode-
generative disorders or diabetes, is currently gaining increasing
importance in medicine. Directed and successful engineering of
microbiomes via probiotic supplementation requires subtle, precise
as well as, more importantly, easy, fast and convenient monitoring
of its success, e.g., in patients’ gut. Based on a previously described
polyclonal SELEX aptamer library evolved against the human gut
bacterium Blautia producta, we finally isolated three individual
aptamers that proved their performance concerning affinity, spe-
cificity and robustness in reliably labeling the target bacterium and
in combination with “contaminating” control bacteria. Using bio-
functionalization molecules on gFETs, we could specifically quan-
tify 10'-10° cells per mL, retrace their number in mixtures and
determine aptamer Kg-values around 2 nM. These measurements
were possible even in the context of a real human stool sample.
Our results qualify gFETs in combination with BL2, BL7 and BL8
aptamers as a promising foundation for the construction of respec-
tive sensing devices, which will open new avenues towards devel-
oping an intended monitoring technique for probiotic therapy and
microbiome engineering approaches.
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A Blautia producta specific gFET-based aptasensor
for quantitative monitoring of microbiome quality
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New concepts

A specific gFET-based aptasensor for quantitative monitoring of
microbiome quality: we introduce the adaptation of electronic gFET
sensors functionalized with binding molecules of high specificity towards
biomolecule targets for the precise quantitative measurement of bacterial
cells comprising important inhabitants of the human intestinal
microbiome. Aptamers in this concept serve as specific binding entities
for the quantification of Blautia producta bacterial cells with high sensitivity
and specificity in the complex background of stool samples containing up
to 1000 different bacterial species. B. producta is only the first example of
health-relevant bacteria that can be analysed using this simple and robust
technology, and more specific sensors are currently being developed.
Specific quantitative monitoring of the bacterial content belonging to
individual species in human microbiomes with distinct roles in health
and disease using (multiplexed) gFET sensors involving aptamers as
nanotechnology-derived binding molecules has the potential to replace
conventional sequencing of rRNA genes (next-generation sequencing) for
the analysis and quantification of bacterial species in microbiomes. This
will help in improving diagnostics and therapy in medicine and allow
applications in environmental research.

Introduction

Blautia, with B. producta as the most prominent species, is a
genus of strictly anaerobic health-relevant bacteria present in
the human gut.' This bacterium is highly abundant in the gut
microbiome, and it has received increasing attention because it
appears to be closely related to the occurrence of various
diseases in the case of so-called dysbiosis.*® The systematic
genus Blautia in general is a group of relatively abundant
commensal bacteria in the gut of healthy humans, being in
the hitlist of the top 10 most frequent genera as measured via
NGS, accounting for 2-8% of bacterial cells in the gut
microbiome.”” Species belonging to the Blautia genus have
been described to play key roles in the digestion of otherwise
nondegradable food constituents, such as special carbohy-
drates from dietary fiber, which metabolise into short-chain
fatty acids (SCFAs) as important metabolic mediators between
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the gut microbiota and their hosts, functioning as fuels for gut
epithelial tissues.”® Their high abundance in the gut and their
physiological roles were important enough to name one of
three major (so-called) enterotypes of human microbiomes
after Blautia - or by their former genus name - Ruminococcus.®
When administered as a “probiotic”, B. producta was effective
in protecting against acute liver damage induced by bacterial
lipopolysaccharides (LPSs)'* and alleviating hyperlipidemia
induced by a high-fat diet (HFD) through the upregulation of
low-density lipoprotein receptor (LDLR) expression in mouse
livers."> Longitudinal studies have further demonstrated that
the abundance of B. producta is significantly negatively corre-
lated with the visceral fat area (VFA),"*'* and the relationship
between glucose metabolism and gluconeogenesis in obese
children was significantly reduced but significantly positively
correlated with the abundance of B. producta in the gut.'®
Moreover, high abundances of B. producta in the gut can
significantly increase the amount of acetate, a free fatty acid
receptor 2 (FFAR2) ligand, thereby regulating liver metabolism
through the acetate-FFAR2 molecular circuit, which effectively
inhibits the non-alcoholic liver disease/non-alcoholic steato-
hepatitis (NAFLD/NASH) phenotype.'®” Another protective role
of B. producta can be observed in directly or indirectly controlling
microbiome composition and thus maintaining healthy and
functional bacterial communities. For example, vancomycin-
resistant strains of Enterococcus faecium (VRE) are the leading
cause of hospital-acquired infections."® B. producta has been
shown to effectively inhibit the colonization of VRE in the gut
by secreting a lantibiotic.>*° Thus, a technology allowing fast,
easy, and regular quantitative monitoring of B. producta abun-
dance in the gut may represent a diagnostic prerequisite
enabling the prevention and treatment of various diseases
resulting from dysbiosis in the future (Scheme 1).
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Currently, the “gold-standard” method for quantitative
microbiome analyses is so-called next-generation sequencing
(NGS) technologies, which, however, are widely accepted to be
laborious, require expensive machineries and chemistry, and
are thus relatively slow and normally cost-intensive. Alternative
approaches have been suggested, including detection methods
based on aptamers as specific binding molecules that recognize
bacteria as targets/analytes of high epitopic complexity.*'*
Aptamers are single-stranded oligonucleotides of DNA or RNA
that can be enriched and selected in a molecular-directed
evolution process called Systematic Evolution of Ligands by
Exponential Enrichment (SELEX).>>?° In a variant of this pro-
cess, we introduce it as the “FluCell-SELEX"*” focused (“‘poly-
clonal”) aptamer libraries are generated, which already allow
quantitative measurements and effective discrimination of the
dedicated target bacteria from other gut microbiome members
in mixtures and also in stool samples. Such an aptamer library
has been developed over 14 rounds of SELEX for B. producta,
and the final library B.p-R14 proved its functionality to specifi-
cally label B. producta cells with fluorophores, enabling fluoro-
metric and microscopic assays.”® Libraries of this type not only
directly allow initial biotechnological applications but can also
serve as a resource for the isolation of high-performance indi-
vidual aptamers using bioinformatic methods.***’

The concept of electrolyte-gated field-effect transistors (EG-
FETs) in electronic devices has been used previously in biosen-
sing. It has been described that this technique allows for the
detection of cancer markers,*® microRNA,*° DNA as a biomar-
ker in certain heart diseases,*’*> and small molecules, such as
biotin or urea.**** We also developed a highly sensitive method
for the detection of the E7-protein for human papillomavirus
implicated in carcinogenesis®® and retinol binding protein 4 as
a potential novel marker for the onset of type-2-diabetes.*® The
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Scheme 1 Human gut microbiome dysbiosis detection using aptamer-based biosensing. Functionalization of rGO-FET with anti-Blautia individual
aptamers. (1) Chips were immersed in PyPEG (PEG pre-conjugated with a PBSE) (500 mM) and 1-pyrenecarboxylic acid (PCA, 50 mM, linker) to obtain a
9:1 ratio of blocking and linking agents on the reduced graphene surface. (2) 5'-NH,-modified aptamer (BL2, BL7, or BL8) immobilization by first
activating the carboxyl groups using EDC (15 mM)/NHS (15 mM) for 30 min, followed by covalent coupling of 5’'-NH,-modified aptamers (100 nM in
milliQ grade water for 1 h at 25 °C). (3) Specific affinity recognition of B. producta cells. Inlay: typical configuration of an rGO-FET with a response of the
device when there is no target applied (green) and when the target analyte is present (red).
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key advantage of EG-FET-based sensing devices is their high
sensitivity without the need for target modification with redox
or fluorescent labels. Both components, the sensor chips and the
(electronic) read-out equipment are cheap and readily available,
making them ideally suited to further develop them to point-of-
care settings potentially even in low socioeconomic areas where
expertise and laboratory environments are not readily available.
The EG-FET in general is based on the same principle as that
known from metal oxide FETs. Two electrodes (source and drain)
are separated by a semiconducting channel (Scheme 1). Applying
a voltage at the gate electrode leads to changes in channel
conductivity by modulating the current between the source and
drain electrodes. Molecular binding entities functioning as “bior-
ecognition elements” (antibodies and derivative formats, anti-
gens, protein-ligands or oligonucleotide aptamers) can be used
to functionalize the channel. Upon binding of the respective
target analyte (molecule), the dielectric layers are structurally
modified, changing the charge carrier distribution at the inter-
face between the channel and the electrolyte. This alters the
propagation of the gate voltage, resulting in a change in charge
carrier mobility.’” By keeping the gate voltage constant, binding
events on the channel can be observed as changes in the source-
drain current (IDS). As we described previously, already focused
aptamer libraries immobilized on reduced graphene oxide field-
effect transistors (rGO-FETs, a sub-class of EG-FET devices)*®
allowed for the discrimination of empty RBP4 from the loaded
form (apo- vs. holo-RBP4) without the need to isolate individual
aptamers prior construction of the chip.>® Here, B. producta-
specific individual aptamers were isolated by bioinformatic ana-
lyses from the previous final library B.p-R14*® after NGS as
described before for antibacterial aptamer isolation.>**” These
aptamers were initially characterized biochemically by determin-
ing their affinities and specificities to whole bacterial cells. Three
of them found to recognize protein-based epitopes on the target
cells were selected and used to functionalize rGO-FETSs to demon-
strate that this concept of aptamer-based electronic sensors is
also suitable for quantitatively measuring whole bacterial cells.
We show that B. producta can be distinguished from control gut
bacteria in designed mixtures with high sensitivity and specifi-
city. Moreover, it was possible to quantify B. producta in the
background of real human stool samples.

Materials and methods
Cell lines and culture conditions

All bacterial strains, including A. muciniphila mucT (DSM-
22959), A. stercoricanis (DSM-13633), R. intestinalis (DSM-
14610), B. producta (DSM-29491), P. distasonis (DSM-29491),
and R. microfusus (DSM-15922) were cultured under anaerobic
conditions (90% Nitrogen/10% Hydrogen) in Schaedler broth
liquid media at 37 °C.

Aptamer library NGS sequencing

Comparative next-generation sequencing and identification of
individual aptamer sequences were performed using aptamer
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libraries R2, R7, and R14 by Eurofins Genomics (Eurofins
Genomics Europe Shared Services GmbH, Konstanz, Germany)
for Mllumina® sequencing. The aptamer library was first elon-
gated during the preparation stage to form sufficient bridges.
In this process, the first PCR amplification was performed
using the forward primer 5'-ACGATGATACTCG GACTGTAG
GGAAGAGAAGGACATATGAT-3’ and the reverse primer 5-TCTC
GTGTTCAAGCGACTCAAGTGGTCATGTACTAGTCA A-3' to intro-
duce universal primer binding sites. The PCR was carried out using
Herculase II Fusion DNA Polymerases (Agilent Technologies, Inc.,
Santa Clara, California, USA) in a three-step thermal reaction: initial
denaturation at 95 °C for 3 min, followed by 9 cycles of denaturation
at 95 °C for 30 s, annealing at 56 °C for 30 s, extension at 72 °C for
10 s, and final extension at 72 °C for 2 min. The resulting PCR
product was then used as a template for a second elongation,
during which index sequences were introduced to allow for parallel
sequencing of the aptamer library. Different index sequences were
used to discriminate between different aptamer libraries effectively.
The second PCR conditions were the same as the first one, except
that only 12 cycles were performed. Subsequently, the NGS data
were checked using FastQC,* the sequences were sorted, the primer
binding sites were clipped, and the nucleotide distribution was
analyzed using the FASTX toolkit. Finally, the sequences were
analyzed using the FASTAptamer toolbox.*® The predicted secondary
structure of the sequences was then determined using the Mfold
server and selected individual aptamers were chemically synthesized
by applying Biomers (Biomers.net GmbH, Ulm, Germany).

Fluorescence-based aptamer labeling characterization

First, prior to fluorescence-based aptamer affinity and specifi-
city analyses, B. producta cells were proteinase treated to
initially elucidate the chemical nature of binding sites/epitopes
on the cell surface potentially protein-based epitopes. Therefore,
B. producta was harvested by centrifugation at 7500 x g for 1 min
after overnight culturing, washed three times with 1 x DPBS, and
adjusted to an optical density at 600 nm (ODggo) of 1 in the
bacterial suspension (1 mL). Then, they were mixed with 2 pL
Proteinase K (20 mg pL™ ') (Fermentas International Inc.,
Waltham, MA, USA) and adjusted to a final concentration of
0.1 mg mL " with 1 x DPBS (Dulbecco’s Phosphate-Buffered
Saline). The mixture was incubated at 37 °C for 30 min to disrupt
surface proteins while preserving bacterial binding activity. The
control/negative group was treated with 1 x DPBS under the
same conditions. After incubation, the mixture was centrifuged at
7500 x g for 1 minute and washed once with 1 x DPBS buffer.
The cell pellet was incubated with activated aptamers (95 °C for
5 min, 4 °C for 5 min, and 25 °C for 20 min) at 37 °C for 30 min,
followed by centrifugation at 3000 rpm for 2 min, and washed
once with 500 pL of 1 x DPBS. The cells were resuspended in
100 pL of 1 x DPBS and incubated at 95 °C for 5 min to elute
the bound aptamers, which were collected by centrifugation at
11000 x g for 1 min, and the fluorescence intensity (excitation:
637 nm and emission: 670 nm) was measured using the Infinite
F200 spectrophotometer (TECAN, Ménnedorf, Switzerland).

For specificity analyses of selected individual aptamers,
A. muciniphila mucT, A. stercoricanis, P. distasonis, R. intestinalis,

This journal is © The Royal Society of Chemistry 2025
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and R. microfusus were mixed in equal proportions to obtain the
defined consortium of control bacteria. 5 pmol Cy5-labeled
aptamers were either incubated separately or co-incubated with
defined cell numbers of B. producta (1 mL ODgy, = 1) and/or
control bacterial species at 37 °C for 30 min. The supernatants
were removed by centrifugation at 3000 rpm for 2 min, and the
resulting bacterial pellets were washed and bound aptamers
eluted for fluorescence measurement.

To determine the dissociation constant, the binding assay
was performed equally using various aptamer concentrations.
The binding constant was then derived from a one-site specific
binding plot according to the following equation: F = (Fax X
[c])/(Kq + [c]"), where F = the measured fluorescence, Fy,qx = the
maximal fluorescence, [c] = concentration of aptamer, n = hill
coefficient and K4 = the binding constant.

To determine the aptamer detection limits, 5 pmol Cy5-
labeled aptamers were co-incubated with varying cell numbers
of B. producta at 37 °C for 30 min, and the detection limit of the
aptamers was determined based on the linear correlation
between the fluorescence intensity and the logarithm of the
bacterial cell count.

Functionalization of rGO-FET for quantitative biosensing

The rGO-FET was fabricated following the procedures outlined
in previous reports.*! Subsequently, a mixture of 500 pM PyPEG
(polyethylene glycol as a capping agent pre-mixed with PBSE
connecting agent) and 50 uM 1-pyrene carboxylic acid (PCA)
was dissolved in DMSO. The rGO-FET was then immersed in
the mixture and incubated at room temperature for 12 hours.
Afterward, the chip was removed, subjected to repeated wash-
ing with 1 mL isopropanol, gently dried under a mild nitrogen
flow, and subsequently submersed in 0.01 x DPBS containing
EDC (15 mM) and NHS (15 mM) for 30 min at room tempera-
ture to adequately activate the carboxyl groups. Afterwards,
100 nM 5’-NH,-modified individual aptamers were dissolved
in 1 x DPBS and covalently immobilized on the rGO-FET.
Finally, after rinsing off the unbound aptamer with 0.01 X
DPBS, the aptamer-functionalized rGO-FET was utilized for the
specific electric detection of B. producta alone and in defined
mixtures with control gut bacteria.

Analysis of B. producta abundance in fecal samples

Fecal samples were obtained from a healthy, lean volunteer
recruited from Ulm University, who provided written informed
consent. The study was approved by the local ethics committee of
Ulm University (reference number 30/20). Furthermore, the design
and implementation of the study adhered to regulations for the
use of human research participants and strictly followed the
standards established by the Helsinki Declaration. Fecal samples
were weighed, added to 1 mL extraction buffer (1 x DPBS), and
vortexed for 1 min until no fecal particles were visible. Then, the
raw fecal extract was filtered, centrifuged at 7500 x g for 1 min,
and washed with 1 mL of 1 x DPBS. Then, the fecal bacteria were
adjusted to an ODgoo = 1 and subjected to gGO-FET biosensing
with calculated increasing cell numbers of B. producta (0-40
bacterial cells) in the background of 1000 fecal bacterial cells as

This journal is © The Royal Society of Chemistry 2025
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calibration measurements where the specific increases correlated
linearly with the shift increases for the aptamer sensors. The
B. producta content in stool samples was then analyzed using the
respective individually derived linear progression.

Results and discussion

In fourteen rounds of whole Cell-SELEX with B. producta as a
bacterial target, a polyclonal (or focused) aptamer library was
already developed, allowing specific labeling and discrimination
of B. producta from other gut bacteria.”® The technological basis
for the analysis and subsequent isolation of individual aptamers
from the final SELEX round was comparative NGS of round R14
(final) and R2 (early) using Illumina sequencing. An ideal (com-
mercial) synthetic aptamer starter library is expected to contain
evenly distributed proportions of the four nucleobases adenosine,
thymine, cytosine and guanine in the sequences of the oligonu-
cleotides. Upon selection of sequences with increasing affinities
towards the desired target, shifts occur within the distribution of
individual nucleotides in the entire sequence space behind the
analysis, which is normally accompanied by an increase in the GC
content.”” This in turn results in an increase in aptamer melting
temperatures when analyzed by applying a novel quantitative PCR
method. We recently introduced “IMPATIENT-qPCR”.*> For the
B. producta round fourteen libraries (B.p-R14), a final melting
temperature of 81 °C was determined previously.”**> The nucleo-
tide distribution analysis of the B.p-R2 library showed the typical
distribution of an early SELEX round, which was still close to the
ideal 25% of each distribution but not identical to it (Fig. 1(a), left).
In the final library B.p-R14, in contrast, the nucleotide composition
showed significant changes, as expected during an SELEX evolu-
tion and selection process developing higher affinity aptamers
(Fig. 1(a), right).

Plotting frequencies (reads per million (RPM)) of individual
sequences occurring in the total sequence space of NGS sequenc-
ing reactions of early and final SELEX rounds delivers a diagram
in which individual sequences with the same abundance in both
rounds are located on a diagonal. This allows for the identifi-
cation of sequences with (i) the highest total abundance in the
final round, (ii) highest enrichment between early and final
rounds, and (iii) sequences with moderate abundance but early
occurrence in maintenance during the evolution process. Based
on the B. producta frequency plot of B.p-R2 and B.p-R14, the
individual aptamer BL6 to BL9 had the highest total abundances
(group i), BL4 and BL5 (group ii) had the highest enrichment, and
BL1 to BL3 were constantly present in the early group (group iii)
B.p-R2 but also in the final round with low abundance (Fig. 1(b)).
These sequences were selected for chemical synthesis to enable
further in-depth characterization of these binding molecules by
the established fluorescence-based assay,”"****?® including
labeling of the target cells with Cy5-labeled aptamers, removal
of unbound aptamers by centrifugation, resuspension in fresh
buffer and subsequent elution with removal of cell debris with a
second centrifugation step (Fig. 2(a)). These include predictions
of the most probable secondary structure and theoretical stability

Nanoscale Horiz., 2025, 10, 124-134 | 127
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Fig. 1 (a) Bioinformatical analysis of the B.p-R14 aptamer library, showing

the nucleotide distribution of the aptamer libraries R2 and R14 (from left to
right). The distribution of each nucleotide is presented as a percentage:
red = cytosine (C), yellow = thymine (T), blue = adenine (A), and green =
guanine (G). (b) Scatter plots comparing the sequence abundances of R2/
R14 rounds demonstrate the enrichment of individual sequences as SELEX
progresses. In the scatter plot, different colors are used to label and select
sequences BL1-BL9 for further evaluation. Each color corresponds to a
specific individual aptamer as follows: yellow-BL1, green-BL2, blue-BL3,
pink-BL4, purple-BL5, brown-BL6, dark red-BL7, light gray-BL8, and dark
gray-BL9. (i) Highest abundance, (i) highest enrichment and (iii) early
occurrence of sequences.

(folding enthalpy) via the Mfold web server established for the
prediction of nucleic acid folding and hybridization by Jerry
Zuker more than twenty years ago™ (Fig. 2(b)). The enthalpies
were calculated under specific experimental conditions concern-
ing pH and ionic strength (137 nM Na', pH 7.4, 25 °C), were
generally negative, ranging from —2.75 to —6.51 kcal mol ™" and
represented the most probable and probably the most stable
structure of each sequence, as the output of the algorithm behind
Mfold (Fig. 2(b)).

The outer barrier of a Gram-positive bacterium towards the
environment is the cell wall, which comprises the lipid bilayer
of the cell membrane, including membrane proteins and
adjunct cell wall components. These components comprising
peptidoglycan and lipoteichoic acids form surface epitopes in
which every single molecule can serve as a theoretical epitope
recognized and bound by selected aptamers (as reviewed by
Lithgow et al. 2023**). Among these chemical components, cell
wall membrane proteins represent the most distinctive class of
cell surface markers because they are represented by their
protein sequence in each bacterial species. Theoretically, they
allow more specific discrimination of different bacterial species
compared to more general metabolism-derived cell wall
components, especially the peptidoglycan sacculus with gener-
ally low structural variations among Gram-positive bacteria.
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Proteinase K-treatment of cells has been used to initially
evaluate the chemical nature of aptamer binding sites (epi-
topes) on the cell surface of Bifidobacteria.*®> The individual
aptamers were fluorescently labeled with Cyanine 5 (Cy5) as
described for the binding studies of the B. producta polyclonal
aptamer library originating from a FluCell-SELEX.?® Labeling of
proteinase K-treated B. producta with these Cy5-aptamers was
significantly impaired for aptamers BL2, BL7, and BLS8, and also
for the original B.p-R14 library, indicating that these individual
aptamers and probably more yet undefined individual aptamers in
the library bind protein-based epitopes (Fig. 2(c)). These individual
aptamers (BL2, BL7, and BL8) were selected for further experimental
procedures and analyses. They possessed significant specificity for
B. producta when their labeling ability was compared to equal cell
numbers of a designed “consortium” of five mixed control bacteria
(Fig. 2(d)) residing as natural inhabitants in the human gut, which
were used as references in several studies.”*>**® This was also true
in experiments in the presence of this consortium as “contaminating”
bacteria, in which increasing numbers of added B. producta cells could
be reliably retraced (Fig. 2(e)).

The fluorescence-based preliminary performance characteriza-
tion of the selected individual aptamers was finalized by determin-
ing the (lower) detection limits and the dissociation constants (Ky).
However, BL2 and BL8 were able to measure 20 000 cells per mL,
and BL7 was more sensitive with a tenfold lower detection limit of
2000 cells per mL (Fig. 3(a)). The Kg-values deduced from the
binding experiments with increasing amounts of aptamers ranged
from 1.9 nM to 2.0 nM (BL2 < BL8 < BL7) (Fig. 3(b)) and hence
represented an almost six-fold improvement compared to the K4 of
the original polyclonal library.”®

Their functionality as specific binding molecules on rGO-
FET was evaluated upon EDC-NHS coupling (Scheme 1), as
described earlier for other analytes (Kissmann et al. 2022;
Reiner-Rozman et al. 2021), implementing the established
low-gate-voltage scanning protocol from -0.5 V to +0.5 V.*®
The aptamers on the chip captured the target cells in the
samples as intended, inducing distinct shifts in the IpsVs
curves by altering the charge distribution within the semicon-
ductor structure. Recording InsVs curves of samples containing
increasing numbers of B. producta cells (0-1000 000 cells per mL)
revealed increased shift alterations (Albs) depending on the
increase in cell numbers measured under constant Vg conditions
(—0.25 V), fitting distinctive linear progression functions illustrated
in Fig. 4 for aptamers BL2, BL7, and BL8 with reasonable determi-
nation coefficients (R*) (Fig. 4(a) and (b)). Interestingly, in these
experiments, samples adjusted to the calculated numbers of
B. producta cells delivered unambiguous signals and were inter-
preted as reasonably lower detection limits for the three aptamers
(Fig- 4(a) and (b)).

The intended application of a B. producta-specific rGO-FET
exceeds simple quantitative measurements of the pure target
bacterium because relevant biotechnological or medical tasks
require target quantification in the presence of “contaminating”
bacteria or even in the complex environment of microbiomes,
such as in samples harvested from the human intestinal tract
(e.g. in stool samples collected from patients). The results shown

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Characterization of Cy5-labeled individual aptamers using the fluorescence-based assay, as described earlier for FluCell-SELEX. Color code:
blue = fresh 1 x PBS buffer, red = Cy-5 labeled aptamers/bacteria, and yellow = unbound labeled aptamers in solution. (b) Sequence, simulated
secondary structure, folding enthalpy, and frequency enrichment of selected individual aptamers. (c) Binding assays of individual aptamers BL1-BL9 and
aptamer library B.p-R14 to untreated and proteinase K-treated B. producta. Significant differences were observed for individual aptamers BL2, BL7, BLS8,
and aptamer library B.p-R14. p values <0.05 were considered significant. ***p < 0.001 and **** p < 0.0001. (d) Specificity detection of the individual
aptamers BL2, BL7, and BL8 as well as aptamer library B.p-R14. Bacteria mix is a mixture of five other gut bacteria, P. distasonis, A. muciniphila, R.
microfusus, A. stercoricanis, and R. intestinalis, at a ratio of 1:1:1:1:1. Compared to the bacteria mix, the individual aptamers BL2, BL7, and BL8 and
aptamer library B.p-R14 exhibited high specificity in detecting B. producta. Significant differences were observed (****p < 0.0001). (e) Quantitative
tracking of B. producta was performed using Cy5-labeled BL2, BL7, and BL8 aptamers (left to right) targeting A. muciniphila, P. distasonis, A. stercoricanis,
R. microfusus, and R. intestinalis in a gut bacterial mixture. The optical density of the mixture was adjusted to be equal among all samples, but the relative
proportions of the different bacterial strains varied. Statistical significance was determined using a threshold of p < 0.05, with * representing p < 0.05,
** representing p < 0.01, *** representing p < 0.001, and **** representing p < 0.0001.
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Fig. 3 (a) The lower detection limits of aptamers BL2, BL7, and BL8 (left to
right) were analyzed by measuring the decrease in fluorescence intensities
with decreasing B. producta cell numbers. A calibration curve of the
correlation between cell number and fluorescence intensity was linearly
plotted. The cell concentrations ranged from 10° to 108 cells. The detec-
tion limits of aptamers BL2, BL7, and BL8 were determined to be 10 (R? =
0.9609), 10% (R? = 0.9618), and 10* (R? = 0.9743) cells, respectively.
(b) Site-specific binding of BL2, BL7, and BL8 aptamers (left to right) to
B. producta at varying concentrations was determined using the one site-
specific binding model in GraphPad Prism 8, with the curves fitted using
non-linear regression. The dissociation constants (Ky) of BL2, BL7, and
BL8 aptamers were 1.869 + 0.112 nM (R? = 0.9607), 1.985 + 0.073 nM
(R? = 0.9857), and 1.972 + 0.818 nM (R* = 0.9492), respectively.

in Fig. 4, indicating a detection limit of 10 cells per mL in total of
B. producta, served as the basis for the analysis of the chip
specificities (Fig. 5(a)). In defined mixtures consisting of 100
bacterial cells in total, B. producta comprised either 0%, 25%,
50%, 75%, or 100% of all cells, and the remaining portion
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consisted of an otherwise constant mixture of P. distasonis,
A. muciniphila, R. microfusus, A. stercoricanis, and R. intestinalis
(1:1:1:1:1). Additionally, in this case, retracing of increased B.
producta numbers was possible, and linear progression curves
were defined accordingly with R*values above 0.83, 0.91 and 0.96
for aptamers BL8, BL2 and BL7, respectively (Fig. 5(a)). To gain
access to the microbiome, free bacteria were released to the
planktonic phase from fecal samples (i.e. stool samples) of a
healthy male volunteer by removing clotted solid matter from the
raw material upon dissolution in 1 x PBS buffer, as illustrated in
Fig. 5(b). After photometric estimation of cell densities in these
samples, a calculated number of 1000 fecal bacterial cells was
used as the base for B. producta specific calibration of the
aptamer-based sensor chips. This constant amount of cells was
then supplemented by gradually adding B. producta cells at
calculated numbers of 0, 10, 20, 30, and 40 per sample, and
the specific increases correlated linearly with the shift increases
for the BL2, BL7 and BLS8 sensors (Fig. 5(c)). Using the respective
individually derived linear progression functions, the contents of
B. producta cells in the sample could be determined to be 1.03%,
1.12%, and 1.27% for the aptamers BL2, BL7 and BLS, respec-
tively (Fig. 5(c)).

Systematic modification of microbiomes with therapeutic
intentions currently develops into a quasi salvation promise for
lifestyle and nutrition-dependent civilization diseases, and
studies have demonstrated that the addition of B. producta to
animal models has clear positive effects on Parkinson’s disease
and hyperlipidemia as a metabolic disorder.*>*” Supplement-
ing “ill” microbiomes with B. producta as a probiotic bacterium
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Fig. 4 Sensitivity biosensing of aptamer-functionalized rGO-FET sensor chips. (a) IpVg characterization of sensing devices obtained using sweeping the
gate voltage from —0.5 V to 0.5 V. The binding of BL2, BL7, and BL8 aptamers to B. producta ranging 0—1000 000 cells. (b) Average differences of Alps
with varying logarithmic bacterial counts for BL2, BL7, and BL8 in specific binding events at a fixed gate voltage (Vg) of —0.25 V. Error bars represent
standard deviations by experiments conducted in triplicates. Linear correlation between Alps and logarithm of bacterial count.
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Fig. 5 Specificity biosensing of aptamer-functionalized rGO-FET sensor chips. (a) /IpsVg characterization of sensing devices obtained using sweeping
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followed by gFET-based biosensing. (c) To construct an incremental model of B. producta within fecal bacteria, we fixed the total number of fecal
bacteria at 1000 and gradually added 0, 10, 20, 30, and 40 B. producta cells. Analysis of /psVg curves and corresponding average differences of the Alps at
the fixed gate voltage of —0.25 V, showing a significant positive correlation with the additional quantity of added B. producta. The linear regression model
depicted in the third row of the chart demonstrates the correlation of Alps with the change in B. producta abundance in the system ata Vg of —0.25 V.
The amounts of B. producta in the feces were determined to be 1.03%, 1.12%, and 1.27% as detected by the three aptamer-modified rGO-FETs, BL2, BL7,

and BL8, respectively.

can result in alterations in its final abundance in the low
percentage range."” Intending to develop a monitoring techni-
que to support such directed therapeutic microbiome engineer-
ing approaches, this range defines the benchmark of the
required sensitivity to measure the success of probiotic intake
and colonization in the human gut. In addition, the measurements
have to be specific for the desired target bacterium, i.e. the sensor and
in turn, the aptamer chosen as a binding entity has to “ignore”
contaminating cells being simultaneously present in the (stool)
sample to be analyzed. Electronic sensors based on rGO-FETs have
been presented against prominent pathogens, including the SARS-
Cov-2 virus as well as the Gram-positive and Gram-negative bacteria
Stahphylococcus aureus and Acinetobacter baumanii based on biofunc-
tionalization with antibodies or designed peptides.”®*® A biosensor
for the detection of Escherichia coli was introduced based on an
individual pyrene-modified aptamer.”® However, the aptamer used
(E2 from ref. 51) was at best mediocre (>25 nM) compared to BL2,
BL7 and BLS8. Moreover, the detection limit of this sensor was one
order of magnitude higher, and the degree of specificity for the
discrimination of E. coli from other (bacterial) cells remained open.>

The individual aptamers BL2, BL7 and BL8 isolated from the
B. producta-specific polyclonal aptamer library®® and characterized in
this study proved that they can serve as valuable binding molecules
for the construction of aptamer-based gFETs and allow for specific
detection of the target bacterium not only in the presence of selected
species in mixtures but also in the highly complex background of a
real stool sample. Based on this result, an in-depth evaluation of this
novel concept appears to be promising by involving the validation of
the sensor results with comparative deep sequencing-based quanti-
fication of B. producta in stool samples of a larger cohort of
volunteers/patients (>100 persons). Respective aptamer libraries
and selected individual aptamers also exist for other prominent
next-generation probiotics, such as A. muciniphila, R. intestinalis, and
P. distasonis,” >**® which suggest implementing respective gFET
sensors for the quantification of these important microbiome
members. Individual sensors or multiplexed variants of this detec-
tion technology may develop into an easy way for fast but reliable
quantification of subsets of human gut microbiome bacteria in
general, opening new avenues towards supportive (bedside/home)
monitoring of successful probiotic supplementation or future pro-
biotic therapies of important diseases, including neurodegenerative
disorders with known dependency from dysbiosis of the gut micro-
biome composition.

Conclusions

For biofunctionalized rGO-FETs, it has repeatedly been claimed
that this technology may serve as precise sensing devices for a

132 | Nanoscale Horiz., 2025, 10, 124-134

range of biotechnological and biomedical applications. Simulta-
neously, aptamers are claimed to be valuable binding molecules
for functionalizing sensor chips. We demonstrate that by bio-
informatical analyses, individual aptamers can be easily isolated
from polyclonal SELEX aptamer libraries of already proofed applic-
ability. These individual aptamers were characterized with bio-
chemical methods, including fluorescent labeling and performing
binding assays to the B. producta target cells in the presence of the
defined mixtures of control gut bacteria. Affinities were deter-
mined, and Ky values were in the low nanomolar range, qualifying
these aptamers as suitable for specific high-affinity binding of
their target.

These aptamers were also suited to serve as biofunctionali-
zation elements of gFET sensors, which allowed for the specific
quantification and hence discrimination of the desired target
cells (B. producta) from “contaminating” control bacteria. The
lower detection limit was 10 cells per mL, and specific measure-
ments were possible in mixtures of B. producta with these
‘“contaminating” bacteria. In the background of the human
stool, sample alterations in the abundance of B. producta in the
range of 1% could easily be retraced. This is sensitive enough to
realistically promise the construction of a sensor device for the
quantitative supportive monitoring of probiotic supplementa-
tion strategies in biomedicine.
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