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Abstract: - Treatment of biofilm-related infections represents a major challenge in public health management.
Therefore, the accurate identification of both the composition and architecture of bacterial biofilms, in terms of
microorganisms and surrounding extracellular polymeric substances (EPSs), represents a fundamental pre-
requisite for the rapid diagnosis of recurrent/resistant biofilm-based infections as well as for the management of
several industrial processes. In this work, the results of a combined approach involving scanning electron
microscopy (SEM), Fourier-transform infrared spectroscopy in attenuated total reflectance geometry (FTIR-
ATR) and p-Raman spectroscopy for the morphological and physicochemical characterization of
monomicrobial biofilms produced by Pseudomonas aeruginosa (PAO1) and Escherichia coli strains, both
proficient in infecting human cells and in colonizing medical devices, are presented. In particular, SEM images
revealed, for both producing strains, the presence of densely aggregated rod-shaped bacteria on the surface of
an extracellular matrix characterized by a "tree trunk"-like matrix, in the case of PAO1, and a “stone”-like one
for E. coli, respectively. In addition, several markers based on FTIR-ATR and p-Raman spectral features were
identified starting from assessing the biochemical content of both investigated biofilms. In particular,
absorption and scattering features associated with the genetic content turned out to be suitable markers for the
proper discrimination between the PAO1 and E. coli biofilm samples, extremely useful in the context of
specific therapeutic scheme to be applied. A further aim of this study was the implementation and development
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of a classification model based on a detailed comparative analysis for the unambiguous categorization of the
different biofilm-producing bacterial strains. The study reported in this paper was developed in the framework
of the PRIN 2022 FINI (Future challenges in management of recurrent/resistant Infection: development of
antimicrobial Nanoparticulate systems and physical-chemical investigation of their Interactions with biofilm-
associated infection) project, funded by the European Union - Next Generation EU.
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1 Introduction

Biofilms are complex microbial communities
embedded in a self-produced matrix that consists of
extracellular polymeric substances (EPS), such as
polysaccharides, proteins, external DNA (eDNA),
lipids, and water. The composition of the EPS varies
considerably depending on the producing microbial
species and its production is related to the specific
environmental conditions including the availability
of nutrients, temperature, and oxygen levels, [1],
[2]. The resulting structure provides a protective
environment for bacterial cells favoring their
survival by protecting the enclosed microorganisms
from the external environment, antimicrobial agents,
and the host's immune defenses.

According to the National Institutes of Health,
70% of all human microbial infections stem from
biofilms. These infections contribute to a wide range
of diseases, including non-healing chronic wounds,
endocarditis,  periodontitis,  cystic  fibrosis,
rhinosinusitis, meningitis, osteomyelitis, kidney
infections, ocular infections, and the infections
associated with prostheses and implantable devices.
The great clinical significance of biofilm-associated
infections and their inherent recalcitrance to
antibiotic  treatment urgently demanded the
development of novel anti-biofilm strategies. In this
sense, the development of systems capable of
preventing/breaking/dissolving  biofilm-associated
infections cannot ignore a deep knowledge of
several factors including the spatial distribution of
cells and extracellular substances, precise
identification of the biochemical constitution of
microbial species, and physicochemical interactions
existing between the different biofilm components.

Currently, biofilm characterization tools
typically involve a combination of microscopic,
spectroscopic, and molecular techniques, [3], [4],
[5], [6], [7]. In particular, microscopy was one of
the pioneering approaches utilized to explore
biofilm structures and architectures. Arrangements
of such complex systems on a solid surface were, in
fact, deeply examined with scanning electron

E-ISSN: 2224-2902

215

microscopy (SEM) and transmission electron
microscopy (TEM) [8], [9], while confocal laser
scanning (CLSM) or atomic force microscopy
(AFM) revealed useful for monitoring biofilm
structure during the accumulation stage [10], [11].
More recently, the pioneering breakthrough in 3D
imaging of biofilms following the advent of X-ray
microtomography (XT) resulted in the possibility of
obtaining three-dimensional biofilm images within
porous media. To address the issue related to the
remarkably similar X-ray absorption coefficients
between the aqueous phase and biofilm components,
the employment of neutrons, owing to their
differential sensitivity towards H and D, represents a
good strategy to study the structure and behavior of
asymmetric membranes [12], as recently reported in
[13].

In addition to the aforementioned techniques,
vibrational spectroscopies, such as IR absorption
and Raman scattering, have been largely used to
achieve a non-invasive molecular characterization
of the biofilm composition, [14], [15], [16], [17],
[18]. However, considering that spectral profiles of
different bacteria are quite similar, the identification
of their chemical constituents when embedded in a
large class of molecules including carbohydrates,
lipids, proteins, and genetic  constituents
(DNA/RNA), represents a complex and challenging
task, [19], [20], [21]. In fact, slight shifts and
dissimilarities in peak intensities registered in both
IR and Raman spectra can be related to differences
in the biofilm biochemistry, thus allowing the
characterization and discrimination of the
biochemical constitution of the main microbial
species, [22]. In [23], authors were the first to
establish a rapid identification approach for
pathogenic bacteria of clinical isolates by means of
Fourier-transform infrared spectroscopy (FTIR)
analysis. On the other side, in [24], near-infrared
Raman spectroscopy was employed to detect
pathogens present in the bloodstream of hospitalized
patients suffering from infections, while in [25]
dispersive Raman spectroscopy to classify 38

Volume 22, 2025



WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE
DOI: 10.37394/23208.2025.22.22

clinical strains from 7 bacterial species was utilized,
proving a 100% chance of distinguishing between
Gram-positive and Gram-negative bacteria.

In this context, the present study was aimed at
evaluating the morphological and physicochemical
properties of two different monomicrobial biofilms
produced by Pseudomonas aeruginosa (PAO1) and
Escherichia coli (E. coli) bacterial strains (Gram-
negative species), both capable of infecting human
cells or colonizing medical devices, and frequently
associated with hospital-acquired infections and
mortality worldwide. The combination of scanning
electron microscopy (SEM), Fourier-transform
infrared spectroscopy in attenuated total reflectance
geometry (FTIR-ATR), and p-Raman techniques
proves to be useful for the assessment of the
different cell morphology as well as for the
identification and analysis of their composition in
terms of nucleic acids, carbohydrates, proteins, and
extracellular polymeric substances, with the aim to
retrieve smart markers for their fast and reliable
discrimination.

Such preliminary investigation falls within the
scope of the PRIN 2022 FINI (Future challenges in
management of recurrent/resistant Infection:
development of antimicrobial Nanoparticulate
systems and physical-chemical investigation of their
Interactions with biofilm-associated infection)
project, funded by the European Union - Next
Generation EU, focused on the development of
novel anti-biofilm strategies based on innovative
antimicrobial nanoparticles (NPs) able to eradicate
biofilm-associated infections.

2 Materials and Methods

2.1 Materials

2.1.1 Bacterial Strains

In this study, we examined the biofilm formation of
Pseudomonas aeruginosa strain PAO1 (ATCC
15692) and E. coli (strain ATCC 35218), both
Gram-negative  species. These strains were
purchased from the American Type Culture
Collection (Rockville, MD, USA).

2.1.2 Biofilm Formation
PAO1 and E. coli ATCC 35218 biofilms were
developed statically and aerobically in polystyrene
6-well cell culture plates.

Briefly, the Dbacterial suspensions grown
overnight in Luria Bertani broth (LB) (Oxoid,
Thermo Fisher Scientific, Waltham, MA, USA)
were adjusted in fresh LB medium to a turbidity of
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0,5 McFarland standard (1,5 x 10* CFU/mL),
validated by viable counts on Luria Bertani Agar
plates (LB agar) (Oxoid, Thermo Fisher Scientific,
Waltham, MA, USA). Then, 6 ml of these
suspensions were placed in each polystyrene 6-well
flat-bottom cell culture plate (Corning, USA) and
statically incubated for 7 days to allow biofilm
formation at the bottom of the wells. After
incubation, the medium was gently aspirated, and
the wells were rinsed twice with phosphate-buffered
saline solution (PBS) to remove planktonic cells.
Finally, the plate was air-dried for 2 h to be
subjected to the different biofilm characterization
methods.

2.2 Experimental Methods

2.2.1 Scanning Electron Microscopy (SEM)

For SEM analyses, the two different monospecies
biofilms were grown at the bottom of the
polystyrene 6-well cell culture plates as described in
section 2.1.2. Subsequently, the dry biofilm samples
were fixed using 1% glutaraldehyde v/v in PBS for
10 minutes and post-fixed in OsO4 1% solution in
PBS for 60 minutes. Finally, the samples were air-
dried, mounted on an aluminum specimen holder,
and sputter-coated with a thin film of gold through a
sputtering process performed with an Agar Sputter
Coater AGB7340 machine (Assing, Italy). The SEM
images were acquired at two different
magnifications (500 X and 3000 X), using a SEM
EVO 15 (Zeiss, Cambridge, UK), equipped with a
LaBs (Lanthanum Hexaboride) emitter as an
electron source. For these morphological analyses,
the working distance (WD) was varied from 11,5 up
to 14 mm, while electron high tension (ETH) was
set at 20 kV.

2.2.2 FTIR-ATR Measurements
Fourier-transform  infrared  spectroscopy in
attenuated total reflectance geometry (FTIR-ATR)
spectra were acquired through a FT-IR iS50 Nicolet
Thermo Scientific spectrometer equipped with an
ATR diamond window module, in the middle
infrared range (from 4000 cm™' to 400 cm™),
accumulating 32 scans, with a spectral resolution of
4cm™

2.2.3 p-Raman measurements
p-Raman measurements were performed with an
iHR550 HORIBA spectrometer, by using a 473 nm
excitation wavelength and a Syncerity CCD
detector, combined with a BXS51 Olympus
microscope (grating 600 1/mm).
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3 Results and Discussion

Scanning electron microscopy images of the biofilm
matrix produced by PAO1 and E. coli are shown in
Figure la-d. The analysis of the shape of the
microorganisms and their relative organization, with
respect to other microbes and to the EPS matrix,
revealed for both PAO1 and E. coli, the presence of
rod-shaped bacteria aggregated at the surface of a
morphologically variable extracellular matrix,
depending on the producing strain.

SEM images at 0.5 k magnification provided a
panoramic view of the spread of the 2 different
monomicrobial biofilms (light grey areas) on the
surface of the colonized polystyrene well (dark grey
area). In detail, through these images at lower
magnification, it was possible to observe the
presence, on the examined surface, of numerous
filamentous structures in the case of PAO1 (Figure
la) and of densely connected granular structures in
the case of E. coli (Figure lc). Instead, higher
magnification images allowed us to highlight
structural details of the overall architecture of the
two bacterial biofilms revealing, in the case of
PAOI, the presence of uncovered bacilli surrounded
by a structure similar to a "tree trunk", most likely
representing their matrix, composed mainly of a
thick and dense, layer of alginate (Figure 1b). On
the contrary, higher magnification images of the E.
coli biofilm showed isolated bacteria and “stone”-
like clusters of rod-shaped microbes surrounded by
a dense extracellular matrix (Figure 1d).

Fig. 1: SEM images of the (a,b) PAOI and (c,d) E.
coli biofilm with 0.5 and 3.0 k magnifications,
respectively

Figure 2 reports the comparison between the
experimental FTIR-ATR spectra of the investigated
PAOl1 and E. coli biofilm samples in the
wavenumber range between 800 cm™ and 4000 cm
!. From a first inspection of the figure, obtained
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FTIR-ATR spectra appear rather similar with strong
absorptions in the regions assignable for
polysaccharides/nucleic acids (900-1250 cm™),
proteins (1250 — 1700 cm™!) lipids (2800 — 3000
cm ') and water (3100 — 3700 cm™") [26], [27].

P. aeruginosa 1 (PAO1)

— E. coli ATCC 35218

= =)
3 3 f
- w L

IR absorbance (arb. units)

900 1150 1400 1650 3000 3500 4000
Wavenumber (cm™)

Fig. 2: FTIR-ATR of PAOIl and E. coli biofilm

samples in the wavenumber range between 800 cm™!

and 4000 cm™!. Spectra were vertically offset for

clarity

More in detail, the absorption peak centered at ~
978 cm! can be attributed to the backbone C-O and
C-C stretching modes of RNA and DNA of the self-
produced matrix, [14], [28], [29]. The observation
of such a feature only in PAO1 indicates a higher
content of such genetic material with respect to E.
coli, representing a good marker for biofilm
discrimination. Then, contributions falling at ~ 1081
cm! and ~ 1241 cm! can be attributed, respectively,
to the symmetric and antisymmetric phosphate PO~
stretching modes of nucleic acids, and also
contribute to the asymmetric C-O-C stretching
vibration of aliphatic esters and different oligo- and
poly-saccharides, [30], [31], [32], [33].

Going on, the 1250-1700 c¢m™' wavenumber
range holds stretching and bending vibrations
associated with the —CHs;, C-N, N-H and C=0
bonds of methyl, amide II, and amide I groups of
proteins, respectively falling at ~ 1399 cm ™!, ~ 1540
cm ! and ~ 1632 cm™!, [28], [29], [34]. Besides the
molecular signature of proteins and the biological
nature of the fouling layer, the 1250-1700 c¢cm™
range also includes the asymmetric —CHs bending
vibration of the methyl groups of lipids (~ 1451
cm ') [29], whose position can reflect variations in
membrane fluidity as well as lipid packing, both
related to the biofilm’s physiological state and
susceptibility to different environmental stresses.
Noteworthy, the observation of two well-structured
amide absorption bands, as in the case of E. coli (see
the orange profile in Figure 2), could be considered
an indication of the existence of a planktonic phase
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or of a biofilm at the early stage of development,
[35]. However, in our case, considering that both
spectra were collected from one-week mature
biofilms grown on a polystyrene slide, the observed
difference in the amide absorption features between
the investigated biofilms denotes a completely
different arrangement of the protein structure. In
particular, in the case of PAOI, for which a merge
of the amide I and amide II absorption bands can be
observed, different protein secondary forms of the
alpha-helix- and beta-sheet-type, with possible
higher degree of conformational diversity, can be
hypothesized, in turn suggesting alterations in
protein folding or denaturation within the biofilm.

The asymmetric C-H stretching vibrations of
both —CH> and —CHj3 functional groups of lipids and
fatty acids give rise to the absorption peaks falling
at ~ 2927 cm! and ~ 2961 cm' [26], [28],
characteristic of bacterial cell walls and membranes.
The slight dissimilarity in the relative intensities
between the aforementioned features in PAOI1 and
E. coli biofilm samples, suggests a different lipid
nature of the bacterial membranes within the
investigated strains. In fact, in the case of the PAO1
biofilm sample, the slightly higher intensity of the
absorption feature falling at ~ 2927 c¢cm™' with
respect to the one at ~ 2961 cm™!, could reflect a
higher proportion of methylene groups with respect
to methyl ones, indicating longer and/or more
saturated fatty acid chains. Conversely, the
comparable intensities of such features in the case of
the E. coli sample indicate branched fatty acid
chains accompanied by structural differences in the
lipid composition.

Finally, the large band in the 3100-3600 cm™
wavenumber region accounts, mostly, for the O-H
stretching vibrations of hydroxyl groups of water
and other biofilm components, which appeared to be
almost overlapped with the N-H stretching
vibrations of proteins and polysaccharides, [26],
[28]. In our samples, hydroxyl moieties mainly
originate from water molecules entrapped within the
EPS matrix, as well as from the presence of OH
residues from polysaccharides, proteins, lipids, and
eDNA. Moreover, the slight dissimilarities observed
in the O-H stretching region between the
investigated Dbiofilm samples could also be
reasonably ascribed to the presence of different
populations of OH oscillators present in the system,
reflecting, in turn, different H-bonded water
molecules embedded within the structure. In
particular, considering the general idea that the low
and high-frequency sides of the 3100-3600 cm™" are
respectively attributed to strong and weak hydrogen-
bonded OH features [36], an over-population of
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highly interconnected water molecules, exhibiting
strong H-bonds on both the hydrogen atoms, can be
observed in the E. coli sample with respect to the
PAOI1, constituting another bio-marker for proper
discrimination. It is worth noting that the presence
of bounded water molecules can aid the
adhesiveness of the EPS matrix and contribute to the
barrier function of bacterial membranes, [37].

With the aim to provide further relevant
information in terms of molecular composition and
highlight new possible smart marker for bacterial
recognition, Figure 3 reports the comparison of the
pu-Raman spectra of PAOl1 and E. coli biofilm
samples in the wavenumber range between 400 cm'!
and 1800 cm'.

—— P. aeruginosa 1 (PAO1)

Raman intensity (arb. units)

400 600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

Fig. 3: p-Raman spectra of PAO1 and E. coli

biofilm samples in the wavenumber range between

400 cm™' and 1800 cm™!. Spectra were vertically

offset for clarity

As can be seen from the obtained profiles, the
general similarity between the spectra of the
different species suggests a common biochemical
composition, as already evidenced by FTIR-ATR.
More in detail, contribution centered at ~ 527 cm™
could be ascribed to the C-O-C glycosidic ring
deformation and skeletal modes of glucosamine and
N-acetyl glucosamine (NAG) [22], while the Raman
feature centered at ~ 627 cm™! can be assigned to the
presence of phenylalanine (protein), suggesting the
presence of enzyme phenylalanine deaminase in
both microorganisms, [22].

Then, the Raman band at ~ 784 cm™! corresponds
to the bacterial genetic content, i.e. DNA and RNA,
which appear to be more pronounced in PAO1 with
respect to E. coli, reflecting, as expected, its higher
genome and RNA content and thus its potentially
greater transcriptional activity. Furthermore, bands
at~839cm’', ~928 cm™!, ~ 1002 cm™' and ~ 1034
cm!' could be ascribed to the C-C stretching
vibrations of tyrosine (~ 839 ¢cm™!, observable only
in PAO1) and Amide IIT groups (~ 928 cm™'), C-C
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skeletal stretching of phenylalanine aromatic rings
(~ 1002 cm™!) and C-H in-plane deformations of
phenylalanine/proline proteins (~ 1034 cm™),
respectively, [38]. Interestingly, only for the E. coli
biofilm, the presence of two contributions centered
at ~ 1094 cm!' and ~ 1122 cm™' assigned,
respectively, to the symmetric phosphate PO,
stretching modes of nucleic acids and C—C/C-O-C
skeletal stretching of saccharides (~ 1094 cm™), and
the C—N/C—C stretching of amide/acyl backbone in
lipids ~ 1122 cm™'), can be distinguished. At the
same time, a couple of spectral features falling at ~
1150 cm ™' and ~ 1194 cm™! can be observed only in
the case of PAOL1, accounting for the C—C stretching
of carotenoids and C-H wagging of tyrosine,
guanine and cytosine. The composition of the PAO1
biofilm appears, once again, rich in nucleic acids
supporting the hypothesis of a predominant
spontaneous cell lysis with respect to E. coli. Such a
phenomenon might also reflect an adaptive response
to environmental stresses or a strategy to enhance
nutrient availability and recycling within the
biofilm. In addition, the presence of high amount of
nucleic acids could also derive from processes of
active secretion, which play a key role in biofilm
formation and development. It is worth noting that
the importance of genomic material and
extracellular DNA in the formation of biofilms of
Pseudomonas  species has already  been
demonstrated by other authors, [39], [40], [41].

Finally, bands at ~ 1347 cm™, 1488 c¢cm™ and
1604 cm™ could be assigned, respectively, to the N—
H stretching mode of amide III as well as to the
bending vibrations of the -CH, and —CH3 groups in
fatty acids [14] (~ 1347 cm™), ring stretching of
adenine [38] (a purine nitrogen base), and to the
C=0 stretching of amide I groups of proteins, [42].

From the whole set of results, the different
bacterial genetic contents turned out to be, rather
than other factors, the main responsible for the
dissimilarities observed in both the FTIR-ATR and
u-Raman profiles of the PAO1 and E. coli biofilm.
Absorption and scattering features associated with
genetic material can thus be considered good
markers for the fast discrimination of investigated
bacterial strains, extremely useful in the context of
specific therapeutic schemes to be implemented,
thereby reducing the reliance on empirical antibiotic
therapy.

4 Conclusion
In this paper, a preliminary morphological and
physicochemical investigation of two different
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bacterial biofilms produced by PAO1 and E. coli
strains was carried out through a combination of
SEM, FTIR-ATR, and p-Raman spectroscopy
techniques. In particular, SEM analysis allowed the
possibility to highlight the shape of the
microorganisms composing the biofilm and their
organization relative to other bacteria and to the
self-produced extracellular matrix. Furthermore, the
assessment of the chaotic molecular composition of
investigated biofilms, in conjunction with the
accurate recognition of each spectral dissimilarity
observed between the two samples, allowed us to
identify specific biochemical smart markers for fast
and reliable biofilm discrimination. Obtained results
not only furnish a better understanding of the
complex nature of the biofilm architecture
supporting, at the same time, the development of an
even more accurate database for FTIR-ATR and p-
Raman band assignments but also would provide
crucial  information to  design  optimized
nanotechnological systems for the management of
recurrent/resistant biofilm-based infections.
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