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Abstract
The aim of this study was to use Field Emission Scanning Electron (FESEM) and Fourier transform infrared spectroscopy (FTIR),
to investigate the structure and the film-forming capacity of Staphylococcus aureus, on two different surface materials, Chitin and
Polycarbonate membrane filter. Both the substrates, having diverse properties, showed varied attachments of bacterial and biofilm
development. FESEM showed that higher bacterial colonization and biofilm growth was obtained in the rough surface of chitin
with complex structure, compared to that of polycarbonate membrane at different time intervals. Due to its high magnification
and resolution, FESEM enabled a more detailed analysis of the biofilm cells, influenced by different structural organisations
and morphology. On the other hand, FTIR analyses revealed the chemical conformation of the substrate and its biofilm state.
However, the difference in the spectra of the two substrates was not large. Prominent band absorbance at 1200-800 cm−1 for
polysaccharides and proteins at 1700- 1400 cm−1 were observed at its biofilm states. These findings promote the prospect of
using FESEM and FTIR for understanding biofilm morphology and architecture, as well as its chemical interaction with the
substrate.
Keywords: Field Emission Scanning Electron (FESEM); fourier transform infrared spectroscopy (FT-IR); biofilm; chitin;
polycarbonate membrane filter; Staphylococcus aureus.

Resumen
El objetivo de este estudio fue utilizar Field Emission Scanning Electron (FESEM) y espectroscopia infrarroja por transformada
de Fourier (FTIR), para investigar la estructura y la capacidad de formación de película de Staphylococcus aureus, en dos
materiales de superficie diferentes, quitina y filtro de membrana de policarbonato. Ambos sustratos, que tienen diversas
propiedades, mostraron diversas uniones de desarrollo de bacterias y biopelículas. FESEM mostró que se obtuvo una mayor
colonización bacteriana y crecimiento de biopelículas en la superficie rugosa de la quitina con estructura compleja, en
comparación con la de la membrana de policarbonato en diferentes intervalos de tiempo. Gracias a su gran aumento y resolución,
FESEM permitió un análisis más detallado de las células del biofilm, influenciadas por diferentes organizaciones estructurales
y morfológicas. Por otro lado, los análisis FTIR revelaron la conformación química del sustrato y su estado de biopelícula. Sin
embargo, la diferencia en los espectros de los dos sustratos no fuegrande. Se observó una absorbancia de banda prominente a
1200-800 cm−1 para polisacáridos y proteínas a 1700-1400 cm−1 en sus estados de biopelícula. Estos hallazgos promueven la
posibilidad de utilizar FESEM y FTIR para comprender la morfología y la arquitectura de la biopelícula, así como su interacción
química con el sustrato.
Palabras clave: Electrón de barrido de emisión de campo (FESEM); espectroscopía infrarroja por transformada de Fourier (FT-
IR); biofilm; quitina; filtro de membrana de policarbonato; Staphylococcus aureus.
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1 Introduction

Since last few decades, a variety of natural and
synthetic biomaterials have been used for many
biomedical applications (Hasnain et al., 2017a;
2019a; Nayak and Hasnain, 2019a). These engineered
biomaterials includes polymer-blends (Sinha et al.,
2015), gels (Hasnain et al., 2020a), hydrogels
(Kurakula et al., 2020; Nayak et al., 2020),
particulates (beads, microparticles, nanoparticles, etc)
(Hasnain et al., 2018a; Nayak and Hasnain, 2019b),
composites and nanocomposites (Hasnain et al.,
2019b), scaffolds (Nayak et al., 2020), membranes
and films (Hasnain et al., 2020b), pastes (Hasnain et
al., 2018b), etc., for a variety of important biomedical
uses. Nowadays, there is an increasing fashion for
the use of naturally-derived biopolymers like chitin
and chitosan (Hasnain and Nayak, 2018), alginates
(Kurakula et al., 2020), gellan gum (Milivojevic et
al., 2020), etc., in biomedical applications. Amongst
these, chitin is being used in many biomedical fields
including antimicrobial applications (Brunner et al.,
2009; Banerjee et al., 2015; Fernández-Delgado et
al., 2015). Biofilm treatment and control in dwelling
medical devices and implants, still is a great challenge,
as the bacterial colonization is embedded in a self-
secreted matrix of extracellular polymeric substances
(EPS), making it resistant to antibiotic treatments.
Both Gram-positive and Gram-negative bacteria can
cause biofilm-associated infections that represent 80%
of nosocomial infections of which Staphylococcus
aureus is the foremost species (Reffuveille et al.,
2017). In order to treat biofilm efficiently, a detailed
understanding is required about its interaction with the
cells, the surface of the substrate and its mechanism
against the antibiotics (Costerton and Stewart, 2001).
The substrate materials, its origin, organic or inorganic
surfaces play an important role in bacterial adhesion,
growth of biofilms and even in biofilm architecture
(Azevedo, 2006).

Recent development in microscopic imaging
techniques has helped researchers gain knowledge
about biofilms and their structural morphology, among
which confocal laser scanning microscopy (CLSM),
Scanning electron microscopy (SEM), Standard
optical microscopy, epifluorescence microscopy (EM)
are the most commonly used. SEM is an appropriate
tool with higher magnification and resolution,
necessary to observe the shape and organization of
the micro-organism forming biofilms (Norton et al.,

1998; Hannig et al., 2010). The detail morphology
of the substrate on which the biofilms have adhered
along with the bacterial irreversible adhesion, can
be followed in the SEM analysis of medical devices
(Raad et al., 1993; Stickler et al., 1998). For analysis
and characterization of biofilms on medical devices,
SEM has been an effective tool and is currently
being used to study the development of antibiofilm
constituents against biofilm pathogens (Grenho et
al.,2014; Sevinc et al., 2010; Steffensen et al., 2015).
When a solid substrate is exposed to an in-vitro
environment, it absorbs the dissolved nutrients and
the organic matter present in the system, mimicking
implanted biomaterials absorbing biological fluids
(viz. plasma, blood, urine) (Huang et al., 2000; Rios
et al., 2007). Due to this absorption, the substrate
changes its characteristics and physical properties
i.e. hydrophobicity, surface charges and roughness
(Hetrick and Schoenfisch, 2006). Researchers
have found that the changed substrate properties,
nutrient accessibility and hydrodynamics, affect the
architecture of biofilm (Stoodley, 1997). Moreover,
the substrate material, its origin, organic and inorganic
surfaces, also plays an important role in bacterial
adhesion and in the growth of biofilms (Azevedo,
2006).

Fourier transform infrared spectroscopy (FTIR)
is an effective analytical tool based on the vibration
of atoms, functional groups, and chemical bonds
within the molecules. FTIR analyse the chemical
conformation of biological samples by absorbing
the mid IR radiation and transforming it into
vibrational motion (Hong et al., 1999). The biological
components absorb different frequencies of light as
they differ from each other in the bond type and
give a specific absorption pattern at 800-4000 cm−1

(Goodacre et al., 2000). FTIR spectra are precise
with long-term constancy, reproducibility, and the
ability to measure even insignificant differences
in the configuration of biological constituents and
can thus be used as a base for classification and
discrimination (Huang et al., 2006). Bacterial FTIR
spectra show the characteristics of cell components,
such as nucleic acids, lipids, carbohydrates, membrane
and intracellular proteins, and polysaccharides (Bosch
et al., 2006).

Previous researcher had shown the importance of
FTIR and FESEM analysis of gram negative bacteria
like Pseudomonas aeruginosa biofilm on different
substrate (Singh et al., 2017). This study shows
use of FTIR and Field Emission Scanning electron
microscopy (FESEM), to compare the adhesion and
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architecture of biofilm formation by Staphylococcus
aureus strains on two different surface chitin
flakes (a natural aminopolysaccharide polymer) and
polycarbonate membrane filter (synthetic biomaterial).
The FTIR spectra and the high-resolution micrographs
provide vital information on the surface-biofilm
interaction, cell colonization and its morphological
changes.

The main aim of the study was to understand the
substrate-microbes interaction on both the attached
surfaces with the two different techniques FESEM
and FTIR, both having different analytical approaches.
The novelty of the manuscript mainly lies on the
biofilm architecture pattern adherence which changes
according to the substrate.

2 Materials and methods

2.1 Bacterial strains and growth conditions

Experiments were performed with Staphylococcus
aureus ATCC 25923, maintained in Tryptic soya agar
(TSA). A single colony of the organism was inoculated
into Trypticase soya broth (TSB) medium and
incubated at 37ºC for 24 hours (hrs) under appropriate
aerobic conditions before each experiment.

2.2 Biofilm formation in vitro on Chitin
flakes as substrate

Trypticase soya broth (TSB) medium was inoculated
with Staphylococcus aureus ATCC 25923 culture from
Tryptic Soya Agar (TSA) slant and incubated at 37 ºC
overnight to yield a concentration of 1× 106 CFU/ml.
Flask with 100 ml of TSB with 0.3% of chitin
flakes (Himedia, India) were then inoculated with 1ml
aliquot of the cells and was incubated at 37 ºC for

24 hrs and 72 hrs for the establishment of biofilm in
the substrate i.e. chitin flakes (Banerjee et al., 2015).

2.3 Biofilm formation in vitro on
polycarbonate membrane filter as
substrate

The biofilms of S. aureus ATCC 25923 were grown
on white, polycarbonate membranes (PMF) (Merck
Millipore, India) according to the method of Anderl
et al., (2000) with modifications. A 100 µL of
culture was used to seed the polycarbonate membranes
(diameter, 13 mm; pore size, 0.4 µm) placed on tryptic
soy agar plates. The plates were inverted and incubated
at 37 ºC for 24 hrs and 72 hrs, with the membrane-
supported biofilms transferred to fresh culture medium
every 24 hrs.

2.4 Biofilm observation by FESEM and
FTIR

After each incubation time, the substrate from
each culture was removed, rinsed three times with
phosphate-buffered saline (PBS, pH 7.4), treated with
glutaraldehyde, and dried until the FESEM analysis
(Sigma 300 Model, Zeiss make). Duplicate samples
of substrates cultured with S. aureus strain were
analysed using FESEM, for which the surface of each
sample was chosen randomly to obtain representative
images over the biofilm formation. Frequencies of
the different biofilms structures formed in both the
substrates were compared to the control (without
biofilm) surface. The FTIR spectra were recorded in
the range of 4000-500 cm−1, using a spectrometer
(Shimadzu make). Two replicates were taken for each
sample. The spectra were processed using an IR
solution Software Overview (Shimadzu) and Origin 8
SR1 Software. 2.1.

Fig. 1. Representative FESEM images of surface tested without S. aureus biofilm chitin at 1200X (a) chitin at 7000X
(b) and polycarbonate membrane filter at 10000X (c). (Scale bar 5-10 µm).
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Fig. 2. Representative FESEM images of S. aureus biofilms formed on chitin flakes at 24 hrs (a) and at 72 hrs (b-f)
showing increase in biofilm formation. Layer of single cell colonisation with small crystal like deposition seen at 24
hrs (a). At 72 hrs, distinct EPS layer (b) observed with matured and organised structures of biofilm like honeycombs
(c), walls (d), channels (e) and mushroom like structures (f). Down arrows indicate each structure in each image.
(Scale bar 5-10 µm).
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Fig. 3. Representative FESEM images of S. aureus biofilms formed on polycarbonate membrane at 24 hrs (a) and
at 72 hrs (b) with few channels (c). Down arrow indicates in Fig 3(c). Chitin flakes with no complex architecture of
biofilm at 72 hrs (Figure 3d, 3e). EPS formation at 72 hrs (Figure 3f). (Scale bar 5-10 µm).
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3 Results

3.1 Biofilm formation of S. aureus
evaluated by FESEM

S. aureus biofilms formed on chitin and polycarbonate
membrane surfaces showed a difference in growth
pattern in both the surfaces with respect to time (24
and 72 hrs) when analysed by FESEM. Figure 1
represents the two tested surfaces without bacterial
inoculation (control). Chitin flakes were found to have
a heterogeneous and rough surface (Figure 1a and
1b) while polycarbonate membranes were smooth and
homogeneous, porous membrane (Figure 1c). It was
observed that after 24 hrs the biofilm attached to
the chitin formed a monolayer colony of the cells
with some crystal-like depositions attached to the
surface and to the bacterial cells (Figure 2a, Figure
2b). After 72 hrs, the chitin flakes showed highly
organised structures of biofilm with extracellular
matrix production. During the period from 24 to 72
hrs the organised structures were evident on the chitin
flakes.

Few specialised structures like honeycombs, and
walls were seen during the 72 hrs biofilm formation
(Figure 2c, Figure 2d respectively) along with
channels (Figure 2e) and mushroom like structures
(Figure 2f) embedded within them with a distinct
cellular growth.

In polycarbonate membrane, bacterial attachment
appeared less at 24 hrs (Figure 3a) with no EPS
formation. However, at 72 hrs single layer colonies
(Figure 3b) of S. aureus biofilm were observed with
few channels (Figure 3c) at some areas. However,
unlike in chitin flakes no complex architecture of
biofilm was observed at 72 hrs (Figure 3d, 3e).
EPS formation was seen in few PMF at 72 hrs
(Figure 3f). Numbers of channels observed within
the polycarbonate membrane biofilm were much less
when compared with their high frequency in the chitin
biofilms. At the same time matured EPS and any other
highly organised structured were absent.

3.2 Biofilm formation of S. aureus
evaluated by FTIR

FTIR data showed the presence of bacteria within
the biofilm, showing presence of nucleic acids. It
is evident that the EPS matrices formed by the
bacterial strains, produced differences in the chitin
flakes regarding their chemical composition and

chemical constituents, in respect to the embedded
biofilm. Characteristic marker of CH deformation of
the β-glycosidic bond was observed at 890cm−1 to
895 cm−1 in chitin, with two additional bands for
CHx deformations at about 1455 and 1374 cm−1

(Brunner et al., 2009). The IR spectral region at
around 1700-1600 cm−1 is assigned to the peptide
backbone of amide I and 1600-1500 cm−1 for amide
II absorption. However, the absorptions at 1648-1554
cm−1 and 1535-1542 cm−1 were for random coil
structure (Xiong et al., 2019; Lu et al., 2010).

Spectra of chitin showed several standard narrower
bands in the C-O-C and C-O stretching vibration
region (1200-950 cm−1). In the region between 1700
and 1500 cm−1 the C=O stretching region of the
amide moiety was present. The amide I bands showed
different components at 1660 to 1630 cm−1 either
because of hydrogen bonding or due to enol presence
in the moiety. The amide II band was observed at
1558-1562 cm−1.

Fig. 4. FTIR of chitin control (a) and with biofilm
formation at 72 hrs (b) at range 500-3500 cm−1.
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Fig. 5. FTIR of polycarbonate membrane filter control
(a) and with biofilm formation at 72 hrs (b) at range
500-3500 cm−1.

The FTIR spectral of chitin also showed
presence of the following bands of -NH2, -OH at
3390-3418 cm−1; the C-H stretching band at 2870-
2880 cm−1; C3-OH at 1178-1189 cm−1 and 1148-
1153 cm−1 and C6-OH at 1073-1074 cm−1 (Figure
4a). FTIR spectra of chitin with biofilm, differs
from the control spectra, both in shape and in the
transmittance intensity within the same range of wave
number, due to the variation in the conformation and
amount of each component. The spectra indicate
the presence of polysaccharides and nucleic acids
in the exopolysaccharide matrix of the biofilm
(1200-800 cm−1), proteins at 1700- 1400 cm−1 and
peaks for lipids (2830 - 3250 cm−1) (Figure 4b).

In polycarbonate membrane filter like chitin,
several FTIR spectra (Figure 4a) peaks were observed
at 800 cm−1, 1024 cm−1, 1250 cm−1 and 1272 cm−1

due to C-O bond stretching. C-H vibrations were

observed at 1380 cm−1. At 1500 -1630 cm−1, peaks
were observed due to C=C bonds of the aromatic
carbon ring, and C=O bonds peaks at1760 cm−1. It
can be concluded from Figure 5(a) that for C- H band,
peaks appear at 2850- 2970 cm−1. In the fingerprint
range 500- 1000 cm−1, peak was mainly for C-C
bond stretching. A similar difference was observed
in the spectra with 72 hrs biofilm in polycarbonate
membrane (Figure 4b), as in the biofilm formation
in chitin. The peaks showed intensity variation in
the same range of the spectra, conforming addition
of polysaccharides and proteins in the substrate,
with wide band ranges. However, the bands of the
two-substrates showed intensity difference in the
peaks with well-defined smooth and sharp peaks in
polycarbonate membrane.

4 Discussion

In the present study, we evaluated and compared
the biofilm formation of S. aureus strain, using two
different substrate systems: chitin and polycarbonate
membrane. Initially, the architecture of the biofilms
formed on both the substrates, were studied in their
native states. The use of FESEM in this study showed
that the strain was able to form diverse biofilm
structures on chitin and polycarbonate membranes.
Chitin contained larger number of adhered cells and
aggregates which formed rapid biofilm architecture
from 24 to 72 hrs (Figure 2), as compared to
polycarbonate membranes, which had a much slower
growth of biofilm.

The biofilm formed on chitin showed complex and
high ordered structures like channels, honeycombs,
walls, and mushroom like structures in a well-defined
EPS matrix. Such complex structures of biofilm have
been observed in mature biofilms of clinical strains of
P. mirabilis at 24-96 hrs, in the study of Fernández-
Delgado et al. (2015). Stoodley et al. (2002) in their
study showed that bacterial biofilm varies in their
responses to environmental conditions such as nutrient
limitation, shear, flowrate, and pressure. In chitin,
structures like mushrooms and honeycombs were seen
to be surrounded by walls and channels which might
be due to the need to increase the nutrients flow
inside the biofilm association, in order to survive in
the exposed environmental conditions. Pruzzo et al.
(2008) described attachment of Vibrio cholera to chitin
and the role of surface proteins in its association,
with chitinous fauna, availability of food, adaptation
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to environmental nutrient, stress tolerance, and most
importantly, its protection from lethal compounds.
Similarly, biofilm formed on chitin flakes by S. aureus
in the present study, may have developed an ability to
attach to chitin. The surface roughness and proteins of
chitin also influence bacterial attachment and biofilm
growth, in contrast to biofilm formed on polycarbonate
membrane filter, where only flat layer biofilms could
be observed between 24 and 72 hrs (Figure 3).

The chemical structure of chitin by FTIR was
discussed by Brunner et al. (2009). Spectra of chitin
were observed in the present study, with peaks at
different band ranges, conforming the presence of
different chemical bonds and interactions. However,
the peaks of both the substrate spectra showed little/no
difference, except variations in their peak intensities.
The presence of the bacterial biofilm was revealed
through FTIR data (Figure 4 & 5), showing presence
of nucleic acids and polysaccharides (Jiao et al.,
2010). FTIR spectra of EPS matrix of the individual
substrate demonstrated contrasts between them due to
their chemical compositions and constituents.

The stronger band intensities and peak areas in
the biofilm spectra could be due to the distinctions
in metabolic states and maturing of the cells over
the span of biofilm arrangement (Geesey and Uhite,
1990). Delille et al. (2007) reported the intensity of
amide II band, which increased with time because
of biomass aggregation, thus increasing the surface
area by the bacteria. Indeed, when bacteria appends
to a surface, significant physiological changes upgrade
their metabolic activity, resulting in increased area in
the biofilm spectra (Geesey and Uhite, 1990).These
may also be due to the expansion of the complex sugar
band found between 1200- 900 cm−1 that characterises
the additional intracellular polysaccharides (Parolis et
al., 1991).

The main changes between the samples have been
shown in the protein, lipid, and sugar regions. The
change in the amide bands are due to the secondary
structures of proteins (Barth, 2007). Absorbance
bands 1500-1700 cm−1 for amide I and amide II
are relatively higher in both substrates with biofilm
compare to without biofilm substrates.

The characteristic region for sugar 1200-800 cm−1

is important for the structural characterization of
polysaccharides. The change in the region 750-
1250 cm−1 indicated the presence of oligosaccharides
in biofilm tested samples conforming the presence
of exopolysaccharide matrix. The change in the
intensities of these regions are higher in chitin flakes
compared to PMF.However, due to overlying of water

analytical value of FT-IR spectroscopy maybe reduced
though bacterial biofilms have dissimilar densities
(Sabbatini et al., 2017).

In conclusion, this study has reported the ability
of S. aureus strains to develop distinct biofilms on
chitin and polycarbonate membrane. The FESEM
analysis however suggests that biofilm formed on
chitin were much stronger, thus providing an insight
into the current knowledge of Staphylococcus aureus
biofilm and its attachment to the surface. The chemical
structure of the substrate along with the substrate with
the biofilm was reported for the first time by FTIR
spectroscopy.
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