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Methicillin-resistant Staphylococcus aureus is one, of the community-associated pathogens
with a high capacity for attachment to human, tissues‘and biofilm formation. Therefore, the
design of tools for rapid identification of this bacterium in environments and providing timely
safety alerts is essential for public health®The aim of the present study was to identify a suitable
coating that can be immobilized on an electrieal sensor and effectively capture Staphylococcus
cells on the sensor surface. The glycan Asialoganglioside GM2 (GA2) was selected as a
candidate for this purpose, and molecular docking simulations were used to investigate and
validate its potential to bind,Staphylococcus receptors. The results showed that the interaction
of GA2 with S. aureus receptorsiexhibited high binding affinity and relatively low RMSD
values, indicating a stable and reliable binding interaction. This strong binding of GA2 with
CIfB receptor suggests potential‘applications for GA2 in inhibiting bacterial adhesion and in
developing diagnostic or therapeutic strategies targeting S. aureus. Also, this simulation finding
was confirmed experimentally, YA GA2 coating was applied to the sensor, increasing the
probability, of bacterial attachment to the sensor surface by more than eightfold. Also, the
coating’s specifiCity to S. aureus detection was examined with E. coli (experimentally and
theoretically). These findings may provide a basis for designing targeted therapeutics and

diagnostics against this important pathogen.

1. Introduction

Infections causedg’by Staphylococeus aureus are a
serious threat to ¢public, health. worldwide. Methicillin-
resistant strainsgef this bacterium (MRSA) have a high
ability to adhere to human tissues, form biofilms, and
evade the hostimmune response, and are known to be one
of the mosty, common causes of hospital-acquired
infectionsy, respiratory tract infections, surgical wound
infections, andysepsis (Foster et al, 2014; Tong et al.,
2015). ‘Aitborne MRSA may also cause respiratory
disease, so\rapid detection and the design of real-time
diagnostic tools are required (Zelada-Guillén et al., 2012).
Given the clinical importance of this pathogen, identifying
ligands that specifically and strongly bind to S. aureus
surface receptors can play an important role in designing
new diagnostic and therapeutic methods. These ligands are
particularly useful for detecting early-stage infections,
where a prompt clinical response can make a critical
difference (Eswar et al. 2006; Varki 2007).

S. aureus delivers a set of reagents of cell-wall-bound
proteins, which facilitates the connection to the host’s

extracellular matrix constituents, fibrinogen, and platelets.
CIfB, FnBPA, SasG, and collagen-binding domains are the
most significant surface receptors for host attachment and
early pathogenesis. One of the most important surface
receptors of S. aureus is the Clumping factor B (CIfB)
protein, which binds to the C-terminal domain of
keratin-10 (one of the major constituents of the squamous
epithelial cells). The process helps successfully colonize
the upper respiratory tract, and the bacteria are then
aspirated into the lungs, contributing to infections like
pneumonia (Walsh et al., 2008).

CIfB has certain characteristics that make it an appealing
target for the design of specific ligands to detect real-time
S. aureus. FnBPA is a fibrinogen and fibronectin binding
protein that is involved in initial adherence to host
surfaces, internalization into endothelial cells, and
stimulation of inflammation.

SasG includes serine-aspartate repeats and GS5-E
domains that enhance bacterial aggregation and dense
biofilm formation, thereby supporting the long-term
persistence of S. aureus in protein-rich humid conditions
such as airways and alveoli. SasG also interacts with other
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adhesins to enhance immune evasion and the persistence
of chronic infections. Accordingly, it has been suggested
that CIfB, FnBPA, and SasG are optimal targets to be used
in designing specific ligands that can be used to detect S.
aureus rapidly and sensitively (Berry et al., 2022; Foster
et al., 2014; Ganesh et al., 2008; Ghali et al., 2016; Crosby
et al, 2017; Otto 2013; Reddinger et al, 2016;
Schwermann & Winstel, 2023; Wertheim et al., 2008).
The design of targeted therapeutics and the subsequent
diagnostic and treatment courses against this significant
pathogen could also be encouraged by such approaches
(Brooks et al., 2009; Forli et al., 2016).

Among the traditional and rational drug design methods,
the structure-based drug design is considered more
efficient and cost-effective. This method is also based on
the concept of reverse pharmacology, which involves first
identifying a specific protein of interest and then selecting
a small-molecule candidate from a library based on its
affinity for the protein of interest (Singh & Bhattacharjee,
2024).

The structure-based drug design implemented in this
study used molecular docking and molecular dynamics,
the most common and reliable approaches available in this
field. Such computational methods allow for in-depth
study of ligand-protein interactions, structural dynamics,
binding energies, and other related phenomena.

In this study, the glycan Asialoganglioside GM2 (GA2)
was chosen as a ligand because it is specifically recognized
by surface adhesins of S. aureus and plays an important
role in bacterial adhesion and colonization. Initial docking
results suggested that GA2 shows a strong affinity for the
active site of CIfB in S. aureus.

To assess the specificity of GA2, the CFA/I pilireceptor
of Escherichia coli was selected as a negative control,
representing a Gram-negative bacterium and & €ommon
causative agent of gastrointestinal infections. The\CFA/I
pili receptor has a well-characterized erystalline structure
and plays a key role in gut colenizationy(Crox€m et al.,
2013; Martinez-Alonso et al, 2008; Nataro & Kaper,
1998; Zhang et al., 2022),

This comparison sallowed" ‘evaluation of GA2
interactions  with #two “major “bacterial  groups,
Gram-positive (S¢atirews) and Gram-negative (E. coli),
and facilitatedga, more" accurate assessment of GA2
specificity for S. aureus.

Overall, “afi integrated approach was used to gain a
deeper understanding “of the molecular dynamics of
interactions between, GA?2 and its bacterial receptors. After
assessing the im=silico binding potential, an experimental
testbed ‘was designed and constructed to evaluate the
practical ‘eapture efficiency of GA2 on Staphylococcus
cells.

2. Materials and Methods

The study proceeded in two main phases. First, the
binding potential of three surface receptors from
Staphylococcus and one adhesin from E. coli to the GA2
glycan was evaluated using molecular docking simulations
(Section 2.1). Then, after confirming strong and stable
in-silico interactions between GA2 and S. aureus
receptors, an in vitro experiment was designed (Section
2.2).

2.1. Simulation

2.1.1. Software and computational resources

The molecular docking simulation process was
performed using various bioinformatics tools, including
AutoDock Vina (for docking and binding affinity scoring),
AutoDock Tools (for ligand and receptor preparation and
grid box setup), PyMol (for 3D structural visualization and
pre-processing), GROMACS (for molecular dynamics
simulation and energy minimization), as well as online
databases and servers such as SWISS-MODEL (for
homology modeling), RCSB PDB (for obtaining crystal
structures of target proteins), NCBI (for retrieving gene
and protein information), DrugBank (for cellecting drug-
related biochemical data), and ChémSpider (for chemical
structure retrieval). Visualization and analysisfof docking
results were carried out usingBIOVIA Discovery Studio
Visualizer (for interactiofl analysis and«2D/3D binding
visualization).

2.1.2. Receptor, and ligand preparation

Protein preparation in Discovery Studio involved the
removal 6f chloride and, calcium ions, water molecules,
and non-essential ligands. In PyMOL, each receptor
residue was“protonated as required. The active site and
protein functionabgroups were preserved.

Active site locations for the bacterial receptors were
identified\using AutoDock Tools, based on the literature
(Ganesh'er al,, 2011; Li et al., 2007). Final receptor files
were, saved in pdbqt format to retain essential (polar)
hydrogens for docking.

Ligand structures were generated using online servers
such as SWISS-MODEL and optimized in MOE for
stereochemical  accuracy. All  structures  were
energy-minimized using GROMACS to remove atomic
clashes and optimize conformational energies.

2.1.3. Docking procedure

Crystal structures of the S. aureus CIfB receptor
(subspecies N315, PDB ID: 3ASW) and the E. coli CFA/I
pili (PDB ID: 3F83) were obtained from the Protein Data
Bank. The three-dimensional structure of the ligand
Asialoganglioside GM2 (GA2) was downloaded from
PubChem in SDF format.

CIfB and CFA/I pili modeled structures were examined
in silico. First, the important residues found at the active
sites include Lys107, Asn197, and GIn358 in CFA/I pili
(Figure 1-A), as well as Val528, Glu525, Asn234, and
Ser236 in CIfB (Figure 1-B) (Ganesh et al., 2011; Liet al.,
2007).

Second, blind docking analyses were performed,
allowing GA2 to explore the entire protein surface, and the
resulting low-energy clusters consistently localized within
the same pockets identified in the literature.

These residues' interactions with the GA2 glycan were
then predicted using AutoDock Vina and Discovery
Studio, and the docking poses were ranked based on
binding energy, clustering behavior (RMSD), and the
presence of key hydrogen-bonding and hydrophobic
interactions.
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Prepared receptor and ligand files were loaded into
AutoDock Tools, and a grid box was defined to encompass
all key residues within the binding pocket. The grid
dimensions and spacing were refined based on initial
structural inspections and binding-site assessments
performed in Discovery Studio (preliminary analyses),
which helped determine the appropriate boundaries to
ensure complete coverage of the interaction region.
Docking was performed in a ligand-flexible/receptor-rigid
mode, allowing the ligand to explore multiple
conformations while keeping the receptor fixed. To ensure

adequate conformational sampling, 100 independent
docking runs were carried out. Output poses were ranked
by AutoDock Vina binding energy scores, and complexes
with the lowest predicted free binding energies were
selected for further analysis. Non-covalent interactions
(hydrogen bonds, van der Waals interactions, and

hydrophobic contacts) were characterized on these poses.
Three-dimensional visualization and interaction mapping
were produced in BIOVIA Discovery Studio Visualizer
and PyMOL to localize contact residues and interaction
patterns.

Figure 1. The best residues for interaction of (A) CFA/I pili of E.coli and (B) CIfB of S. aureus with ASITALOGANGLIOSIDE-GM?2

glycan.
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2.1.4. Complex stability assessment

To quantify the strength and stability of receptor-ligand
interactions, molecular dynamics (MD) simulations were
executed using GROMACS 5.1.1 with the GROMOS96
43al force field. Complexes were solvated in a cubic water
box with periodic boundary conditions to create a fully
hydrated simulation environment. The system was then
neutralized by adding appropriate counterions. Energy
minimization was subsequently performed using the
steepest-descent algorithm to eliminate steric clashes and
resolve any unfavorable atomic contacts before initiating
the dynamics.

Following energy minimization, the solvated systems
were prepared using a cubic SPC/E water box, and charge
neutrality was achieved by adding Na* or Cl” counterions
via the GROMACS genion module. Temperature coupling
during equilibration was performed using the V-rescale
thermostat at 300 K, while pressure coupling in the NPT
phase was carried out using the Parrinello-Rahman
barostat at 1 bar. The number of solvent molecules and
ions was automatically determined based on the
dimensions of the simulation box generated for each
ligand-receptor complex.

Equilibration stages were performed in NVT and NPT
ensembles to stabilize temperature and pressure,
respectively. Production MD runs were carried out for 50
ns at 300 K with coordinates recorded every 2 ps.
Dynamics of the complexes were monitored to assess
stability. Structural metrics such as RMSD and RMSF
were calculated using GROMACS tools to quantify ‘the
strength and stability of receptor ligand interactions.
Binding energy calculations were performed to quantify
interaction strength and stability.

2.2. Experimental test setup

With a forward-looking objective “@aimed at airborne
pathogen detection, a controlled ‘environment for the
release of airborne particles, their entry into'the sampling
unit, and their deposition.on the surface of a biosensor was

designed. This test setup consists of the following
components (Figure 2-A):

e  2-liter spherical chamber with connections to the
nebulizer chamber, sampling units, flow pump, and
reference Falcon tube.

e Nebulizer: A Philips Respironics nebulizer was
used to create the necessary pressure required to
nebulize the solution in the tank. This nebulizer
converts the produced suspension into bioaerosol
particles of various sizes in the micron range. The
nebulizer flow rate is approximately 2 liters per
minute. Three milliliters of each desired bacterial
solution were placed in the nebulizer’s plastic tank
(with a capacity of 10 milliliters).

e A Falcon tube containing lSnto 17 muilliliters of
liquid culture medium was used as a reference to
confirm the presence of bacteria’in the test setup.

e Two cascade-impactor samplers composed of four
separation stages, (A-D)that fractionate particles
from the air stream according to particle
aerodynami¢ diametet \(Eigure 2-B). The two
samplers‘were run in parallel for comparison.

e  Suction,pumps draw-ambient air into the samplers,
along with particles. The system flow can be
adjastedaip to approximately 11 L/min.

e The “environmental conditions were: ambient
temperature of 25 °C + 2 °C and humidity of 35% +
5%.

To. evaluate the effect and capture efficiency of the GA2
bio-coating, it was necessary to ensure that it was stably
immobilized on the sensor surface. The chemical
substances used to treat the sensor surface are shown in
Table 1. The ganglioside (GA2) was dissolved in
Methanol:Chloroform (2:1), stored at -20 °C, and then
dispersed in TBS (Tris-buffered saline). To achieve a
uniform and high-quality final coating, a spin-coating
method was used. In this approach, the droplet was placed
on the sensor surface, which was then rotated at a specified
speed within a chamber to spread the droplet uniformly
across the sensor (Figure 3).
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Figure 2. (A) Experimental test setup for microbial test (B) Four-stage cascade impactor structure
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Step Speed (RPM)  Time (s) Accel (s)
700 130 50
1000 30 60
1500 0 50
2000 30 150] '

Figure 3. Spin-coating device (hardware and software) for the last stage of the coating procedure: Spin-coating chamber with the
sensor in place (left); Spin-coating speed, acceleration, and time settings (right).

Table 1. The materials used for the coating stages

Material Merck Code Cas. No.
11-mercapto-undecanoic acid (MUA) 450561 71310-21-9
4-morpholine ethane sulfonic acid sodium salt (MES) buffer M3885 71119-23-8
Sodium Chloride: NaCl S9888 7647-14-5
1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) E6383 25952-53-8
N-hydroxysuccinimide (NHS) 130672 6066-82-6

Phosphate buffer saline (PBS) pH=7.4

To evaluate the amount of bacteria trapped on the sensor
surface, at the end of the test, the sensors were placed in
plates containing normal saline and Triton buffer, a buffer
used to detach bacteria from the surface. The plates were
placed on a shaker at 200 rpm for 30 minutes. Then, 100
microliters from each well of the six-well plate assigned to
a sensor were cultured on nutrient agar plates.
Additionally, 100 microliters from the liquid in the Falcon
tube were also taken and cultured on agar plates. The
colony count from the culture of the Falcon tube liquid was
used as a reference. Finally, the nutrient agar plates.were
incubated at 37°C for 24 hours; and after the incubation
period, the number of bacterial colonies was counted.

To evaluate the quality of the coating method, ATR-
FTIR (Tarbiat Modares University, Iran) and FESEM
(Central Laboratory, IROST, Iran) analyses were
performed.

3. Results and Discussion

3.1. Primary metrics evaluation

Initially, key metrics, including binding energy and
root-mean-square deviation (RMSD), for the ligand
complexed with the target receptors were examined (Table
1). In this analysis, E. coli (PDB: 3F83) was used as a
Gram-negative reference alongside S. aureus receptors as
Gram-positive targets.

The evaluation showed that both GA2-CIfB and GA2-
CFA/I complexes had RMSD values below 2 A, indicating
valid and stable ligand placement in the binding pocket
(Leach et al., 2006). The RMSD value in the CIfB complex
was slightly higher than in the CFA/I complex (1.8750
versus 1.4974 A). However, the binding energy of GA2 to
CIfB was found to be significantly stronger than that of
CFA/T (-12.10 versus -10.60 kcal/mol). This discrepancy
implies that the GA2 ligand establishes numerous

hydrogen and hydrophobic contacts with the receptor,
resulting in superior stereochemical compatibility than
CFA/IL. In addition to the binding energy and RMSD
values, a hydrogen-bond analysis was performed to further
characterize ligand-receptor specificity. The GA2—CI{B
complex exhibited seven conventional hydrogen bonds
and three carbon-hydrogen bonds, totaling approximately
ten hydrogen-bond interactions. In contrast, the GA2—
CFA/I complex formed five conventional and two carbon-
hydrogen bonds (=7 total interactions). The denser
hydrogen-bond network in the GA2-CIfB complex is
consistent with its stronger binding affinity and suggests a
structurally more favorable interaction pattern for S.
aureus recognition. In addition to hydrogen bonding, the
GA2—CIfB complex exhibited a dense network of van der
Waals interactions (ILE363, ALA364, GLY365, SER376,
GLN377, GLYS21, TRP522, PHES20, VALS527,
VALS528, PHE328, MET280, TYR273, PRO326, etc.) as
well as several hydrophobic/alkyl contacts (VALS52S,
PHE328, MET280, TYR273, PRO326). In contrast, the
GA2-CFA/I complex showed only sparse hydrophobic
contacts (VAL170, LEU360) and weaker, more dispersed
van der Waals interactions. This difference in non-polar
interactions further supports the stronger binding affinity
of GA2 toward CIfB. Consequently, the GA2-CFA/I
interaction reveals reduced binding energy and a less
stable complex due to inadequate complementarity of the
hydrophobic and polar areas of the receptor.

In contrast, the GA2-CIfB complex with a higher
binding energy and a more stable interaction pattern
confirms the specificity of GA2 for the CIfB receptor and
highlights its high potential for identifying Staphylococcus
aureus in future pharmacological and biological studies.

To summarize, GA2 demonstrated stronger binding
affinity toward the S. aureus CIfB receptor compared with
the CFA/I adhesin of E. coli. Specifically, GA2 formed a
denser hydrogen-bonding network and more favorable
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hydrophobic contacts with CIfB, as reflected in its lower
binding energy (—12.10 kcal/mol vs. —10.60 kcal/mol) and
more stable RMSD values. Table 2 summarizes these key
quantitative differences.

Table 2. Molecular docking results of Asialoganglioside GM2
(GA2) with surface receptors of S. aureus and E. coli.

A binding energy RMSD
Compound  Rseq (keal/mol) (A)
3ASW GA2 1 -12.1042 1.8750
3F83 GA2 1 -10.6086 1.4974

3.2. In-silico evaluation of GA2

GA2 was identified as a key ligand for S. aureus with a
binding energy of -12.1042 kcal/mol (RMSD: 1.8750 A)
for CIfB and -10.6086 kcal/mol (RMSD: 1.4974 A) for E.
coli. This indicates a higher binding affinity with S. aureus
receptors. Molecular dynamics simulations provided a
realistic depiction of complex behavior in a simulated
biological environment and, in addition to confirming
complex stability, yielded valuable information for further
analyses and potential ligand optimization.

Molecular docking results provide valuable insights into
ligand-receptor interactions for S. aureus and E. coli. The
binding energies and RMSD values indicate the level of
binding propensity and structural complementarity, which
is essential for determining ligands that are therapeutically
and pharmacologically useful.

GA2 also exhibited extremely robust affinity to the CL{B
receptor of S. aureus (3ASW) with an affinity energy of =
12.1042 kcal/mol (RMSD: 1.8750 A) but showed weaker
affinity to the E. coli receptor (3F83) with an affinity
energy of -10.6086 kcal/mol (RMSD: 1.4974 A), The
binding energy is very high, but the RMSDisyrélatively
low, which should be attributed to the presence of\a latge
number of hydrogen bonds and optimized hydrophobic
areas in the binding pocket, resulting in the considerable
stability of the GA2-CIfB complex.

The results indicate that GA2,may selectively attach to
CIfB and be effective in inhibitingithe ability of S. aureus
to adhere to host tissties, which is‘appropriate given the
key role of CIfB in‘pathogenesis (Foster et al., 2014).

Singh & Bhattacharjeen(2024) examined the adhesin
proteins CIfA and CIfB to develop a ligand molecule that
inhibits theigbinding to the host surface.

By comparing various metrics, they discovered that the
binding energies of the identified compounds with CIfA
and CIfB (-10'37 and -11.11 kcal/mol, respectively) were
greater than those of allantodapsone with CIfA and CIfB.
They additionally developed allantodapsone, a CIfA and
CI1{B inhibitor that has been demonstrated to have anti-
colonizing abilities in vitro (Singh & Bhattacharjee, 2024).

These binding sites were detailed and mapped, and the
specific amino acid residues in each receptor were shown
to be the determinants of specificity and stability of
interaction.

Such residues as Val528, Glu525, Asn234, and Ser236
were recognized as hot spots that are incorporated into a
network of hydrogen bonds and hydrophobic interactions
in the GA2/CIfB complex to provide stable
accommodation of the ligand. In the GA2CFA/I-complex
(E. coli), on the other hand, the residues, which included

Lys107, Asn197, and GIn358, were only involved in more
restrictive interactions, which were more hydrophobic or
weakly electrostatic in nature and had less binding energy.
This variation in the pattern of interactions highlights the
stereochemical and chemical complementarity between
the CIfB binding pocket and the GA2 structure and
explains GA2's preference for binding S. aureus over E.
coli (Ganesh et al., 2008; Leach et al, 2006; Li et al.,
2007).

In general, the findings suggest that the CIfB receptor of
S. aureus has maximized the interaction properties of
GA2. The binding and structural complementarity
between GA2 and CIfB indicate that GA2€ould be used to
prevent bacterial adhesion and to develop diagnestic or
therapeutic options against S. aureuss

3.3. In-vitro evaluation of GA2

To validate the in-siliéo results, a sefies of in vitro
experiments was conducted using the cascade impactor
described in Section2.2. Initially,” GA2 should be
immobilized on< the ‘sensor “surface through specific
chemical treatments, usingpthe materials listed in Table 1.
The quality”of eachycoating step was assessed by FTIR
spectroscopy.

Figure 4-A)illustrates the surface morphology of the

untreated sensor. Following ozone treatment combined
with, ultraviolet'irradiation (181 nm wavelength) for 30—
45 minutes, a significant reduction in surface impurities
was'observed, as shown in Figure 4-B.

After this step and ultrasonic polishing with alumina, the
QCM crystal is cleaned by exposing it to a piranha solution
(L part hydrogen peroxide by volume to 3 parts sulfuric
acid by volume).

After 5 min, the crystals are removed and rinsed twice
with DI water and then twice with ethanol Then the sample
is dried under a nitrogen stream for 5 min. The sensor from
the previous step is incubated in a 5 mM MUA ethanol
solution at pH 2.0 for 48 hours. After washing with ethanol
and DI water, it is immersed in a 0.1 M MES buffer
containing 0.5 M NaCl at pH 5.8. Next, EDC and NHS are
added to the buffer to reach final concentrations of 2 mM
and 5 mM, respectively. After 40 min, the solution is
removed, and the sensor is washed with DI water and MES
buffer respectively. Finally, this chemically treated sensor
surface was exposed to 100 pL of GA2 solution via the
spin coating method. The sensor was kept overnight in an
appropriate storage environment.

The ATR-FTIR analysis of the final coating is shown in
Figure 5. The peaks around 2900-3000 cm™ (acidic OH
group) and 1700 cm™' (carbonyl group) were observed in
the spectrum after the coating steps.

The morphology of the sensor surface treated with
MUA-EDC/NHS and the GA2-coated sensor, as assessed
by FESEM, is shown in Figure 6 (left and right,
respectively) at three different magnifications (2.00kx,
10.00kx, and 35.00kx). The FESEM images suggest that
the initial MUA-EDC/NHS modification produces a thin,
relatively smooth organic coating, while introduction of
GAZ2 leads to formation of thicker, uneven microstructures
and enhanced surface roughness due to further
cross-linking and molecular aggregation on the gold
sensor surface.
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Figure 6. FESEM images of the sensor treated by MUA-EDC/NHS (left) and the treated sensor after immobilization of GA2 (right).

The efficiency of particle capture was then compared
between GA2-coated and uncoated sensors. We compared
the colony counts between coated and uncoated sensors
under identical experimental conditions. Two identical
cascade impactor samplers were used.

The samplers comprise four separation stages (A-D)
that fractionate particles by aerodynamic diameter based
on stage geometry and particle dynamics; therefore, given
the typical dimensions of S. aureus cells, these bacteria

were expected to deposit predominantly on stages C and
D. For this reason, only these stages were analyzed in the
experimental test. In Sampler 1, none of the sensors were
coated; in Sampler 2, the sensor at Stage C was coated with
GA2.

In one experiment, the test duration (including
nebulization of the bacterial suspension and operation of
the suction pump at approximately 4 L/min) was 3
minutes.
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The results showed that the GA2-coated sensor at Stage
C captured approximately 8.6 times more S. aureus cells
than the uncoated control, confirming the enhancement
predicted by the in-silico analysis. Table 3 presents the
measured CFU values for coated and uncoated stages. Two
other experiments were conducted to evaluate the
repeatability of the results. In all experiments, S. aureus
capture performance in stage C of the two cascade
impactors was examined. One cascade impactor was
considered as the reference device with an uncoated
sensor, and the coated sensor was inserted in another
cascade impactor as the control device.

Figure 7 shows the results of the ratio of coated-to-
uncoated bacteria in these experiments. Also, we
examined the device with E. coli as a control
microorganism in one experiment. Figure 8 shows the ratio
of the colony count in the test sampler (coated sensor at
stages C and D) and the reference sampler (without
coating). The results reveal the specificity of the device for
S. aureus compared to E. coli.

The experimental in-vitro results reported here
corroborate the in-silico predictions: the GA2 bio-coating
on sensors within a cascade impactor considerably
enhanced capture efficiency for S. aureus under the tested
conditions.

Nonetheless, environmental conditions can influence
final performance; for example, high humidity in the
sampled air can reduce the effectiveness of the
bio-coating. These in-vitro findings strongly align with the
in-silico predictions, where GA2 demonstrated the highest
binding affinity and the most stable interaction pattern

with the CIfB receptor of S. aureus. The experimental
results in bacterial capture on GA2-coated sensors confirm
the enhanced receptor—ligand interaction suggested by
docking and MD simulations, highlighting the strong
agreement between computational modeling and practical
performance.

In the final step of evaluating the sensor's coating
quality, a surface analysis was conducted to compare a
sensor with a new coating to one washed with distilled
water and alcohol. The results are shown in Figure 9.
Comparing these ATR-FTIR spectra indicates that
washing and repeated use of the crystals do not
significantly remove the active groups.’ Several factors
have experimentally influenced the final adhesion results
and, consequently, the sensor response:

- The type and characteristics -of the coating,
including hydrophilicity/hydrophobicity, elasticity,
surface roughness, etc.

- Inlet air humidity
- Inlet air flow

- Competition. between different
bacteria

particles and

By appropriately selecting these conditions, an optimal
setting for better bacterial adhesion can be achieved, some
of which are reflected in this report, and further
investigations will be done in future research. The bio-
receptor.is an expensive but suitable method for bacterial
capture. Naturally, choosing a more suitable coating
method for GA2 will lead to better process results.

Table 3. Measured colony counts of S. aureus on Sampler stages C and D (CFU/ml).

Stage C Stage D
Sampler 1 No coating 8406 No coating 9354
Sampler 2 GA2 72000 No coating 6360
Fold-change in capture efficiency =8.6

25
Expriment 3:
Coated Uncoated ratio

C
20 Level
15
? Expriment 1:
Coated Uncoated ratio

Level C

10

Expriment 2:
Coated Uncoated ratio
Level C

test captured bacteria

Figure 7. The results of three experiments (Refer to the text)

Figure 8. The normalized — for E. coli
reference captured bacteria

(Red bars) and S. aureus (Blue bars). (A, B, C and D are stages
of the cascade impactor)
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Figure 9. ATREETIR spectrum of (A) the freshly prepared coated sensor and (B) the disinfected coated sensor.

4. Conclusion

It should’be.noted that the current research highlights the
promise of GA2 as a targeting ligand of the CIfB receptor
in S. aureus. The experimental and simulation results can
be used to develop specific therapeutics and diagnostics
against this significant pathogen. Further research should
involve longer molecular dynamics simulations under
different environmental conditions in the in-vitro findings.
Evaluating additional glycan analogs targeting CIfB may
also contribute to further optimization of the specificity
and effectiveness of the biosensor.
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