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Abstract 
In the food industry, successful bacterial pathogen colonization and persistence begin with their adhesion to a surface, 
followed by the spatial development of mature biofilm of public health concerns. Compromising bacterial settlement with 
natural inhibitors is a promising alternative to conventional anti-fouling treatments typically based on chemical biocides that 
contribute to the growing burden of antimicrobial resistance. In this study, three extracellular polymeric substance (EPS) 
fractions extracted from microalgae biofilms of Cylindrotheca closterium (fraction C) and Tetraselmis suecica (fraction 
Ta rich in insoluble scale structure and fraction Tb rich in soluble EPS) were screened for their anti-adhesive properties, 
against eight human food-borne pathogens belonging to Escherichia coli, Staphylococcus aureus, Salmonella enterica 
subsp. enterica, and Listeria monocytogenes species. The results showed that the fraction Ta was the most effective induc-
ing statistically significant reduction for three strains of E. coli, S. aureus, and L. monocytogenes. Overall, EPSs coating on 
polystyrene surfaces of the different fractions increased the hydrophilic character of the support. Differences in bacterial 
adhesion on the different coated surfaces could be explained by several dissimilarities in the structural and physicochemical 
EPS compositions, according to HPLC and ATR-FTIR analysis. Interestingly, while fractions Ta and Tb were extracted from 
the same microalgal culture, distinct adhesion patterns were observed, highlighting the importance of the extraction process. 
Overall, the findings showed that EPS extracted from microalgal photosynthetic biofilms can exhibit anti-adhesive effects 
against food-borne pathogens and could help develop sustainable and non-toxic anti-adhesive surfaces for the food industry.

Key points
•EPSs from a biofilm-based culture of C. closterium/T. suecica were characterized.
•Microalgal EPS extracted from T. suecica biofilms showed bacterial anti-adhesive effects.
•The anti-adhesive effect is strain-specific and affects both Gram − and Gram + bacteria.

Keywords Biofilm · Anti-adhesive coatings · Food-borne pathogens · Microalgae · Exopolysaccharides · Bio-based marine 
coatings

Introduction

In the food industry, biofilm development has been associ-
ated with several food-borne disease outbreaks and is con-
sidered today as a serious public health concern (Srey et al. 
2013). Biofilms are defined as complex microbial commu-
nities, including bacteria, attached to a surface and embed-
ded within a self-produced protective matrix extracellular 
polymeric substances (EPSs). They jeopardize food safety 
by providing bacteria an ideal protection against disinfect-
ants, which may result in therapeutic failure (Carrascosa 
et al. 2021). Besides, the emergence and spread of antimi-
crobial resistance have increased the need for alternative 
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prophylactic and therapeutic strategies against bacterial 
food-borne pathogens (Oniciuc et al. 2019). Rather than kill-
ing bacteria, more valuable alternatives have thus emerged 
with the aim of interfering with adhesion (i.e., early step of 
bacterial colonization) before biofilm maturation and persis-
tence. While biocide-release and chemically active coatings 
appear to be effective against several unwanted microorgan-
isms, their concern for environment, animal, and human 
safety limits their use in food-contact materials (Bannister 
et al. 2019; Mevo et al. 2021). Today, there is thus a shift in 
the development of antibiofilm surfaces toward non-toxic 
and sustainable anti-adhesive technologies that are support-
ive of the One Health concept (Destoumieux-Garzón et al. 
2018).

In the agri-food sector, microbial-based solutions are 
increasingly investigated to protect plants or animals for 
instance with bacterial protective biofilms (Guéneau et al. 
2022; Pandin et al. 2017), and another attractive alterna-
tive lies within the exploitation of marine microalgae and 
derivatives, which harbor a wide range of functionalities and 
bioactive components (Rizwan et al. 2018). Their potential 
for large-scale cultivations paves the way for the production 
of high-value compounds such as proteins, lipids, pigments, 
polyunsaturated fatty acids (PUFAs), or exopolysaccharides 
with promising economic applications in several branches 
of industrial markets. In particular, exopolysaccharides 
are extracellular polysaccharides secreted by microalgae, 
which can be released into the surrounding environment 
or bound to the cells forming the major constituents of the 
EPSs matrix (Delattre et al. 2016). They are complex and 
various carbohydrate polymers made up of different mono-
saccharides and frequently associated with non-sugar con-
stituents such as lipids, amino acids, or sulfates attached to 
their linear or ramified structures. While mostly used for 
their rheological properties, exopolysaccharides have also 
been involved in a wide range of biological activities includ-
ing anti-bacterial, anti-viral, anti-adhesive, antitumor, or 
immunomodulation (Guzman-Murillo and Ascencio 2000; 
de Jesus Raposo et al. 2014; Risjani et al. 2021; Talyshin-
sky et al. 2002; Sun et al. 2009, 2012; Loke et al. 2007). 
For example, exopolysaccharide extracts from the micro-
alga Porphyridium marinum have been used to successfully 
reduce biofilm formation of the pathogen Candida albicans 
(Gargouch et al. 2021). The attachment of Vibrio harveyi 
and Salmonella enterica was significantly inhibited by sul-
fated polysaccharides from Chlamydomonas reinhardtii 
(Vishwakarma and VL Sirisha., 2020). Similarly, EPSs of 
Navicula phyllepta have shown to harbor anti-biofilm activ-
ity against Flavobacterium sp., whereas biofilm formation of 
Roseobacter sp. and Shewanella sp. was stimulated (Doghri 
et al. 2017).

Although polysaccharides from algae, bacteria, and 
mushroom have shown promising anti-biofilm activities 

against widespread food-borne pathogens such as Escheri-
chia coli, Staphylococcus aureus, Salmonella enterica, or 
Listeria monocytogenes, no study has investigated micro-
algal EPSs for wide application in food-contact surfaces 
(Soliemani et al. 2022; Xu et al. 2020; Abid et al. 2018; 
Jun et al. 2018; Vunduk et al. 2019). Yet, their high bio-
degradability and non-toxicity, combined with the oppor-
tunity of large-scale production thanks to microalgae 
cultivation technologies, make them ideal candidates for 
the development of natural and sustainable anti-adhesive 
surfaces, with promising applications in food industries 
(Bernal and Llamas 2012; Rendueles et al. 2013).

Although microalgae have inherent applications, 
achieving a significant increase in productivity for con-
ventional suspended cultures while reducing operating 
costs remains a challenge for achieving scaled-up and eco-
nomically viable production. In order to overcome these 
drawbacks, biofilm-based cultures have been emerged 
lately. Among them, an innovative industrialized approach 
consists of biofilm-based microalgae cultures on rotating 
cylinders where cells grow attached to a fabric support, 
forming photosynthetic biofilms embedded in an EPSs 
matrix (Bernard et al. 2013). Such system allows for a 
significant decrease of dewatering and harvesting costs, 
requiring only to scrape the microalgal biomass from the 
fabric support, instead of time- and cost-consuming har-
vesting techniques commonly used for planktonic cultures 
(Mantzorou and Ververidis 2019). In particular, the two 
microalgae, Cylindrotheca closterium and Tetraselmis 
suecica, are known to be able to develop photosynthetic 
biofilms (Fanesi et al. 2022; Delran et al. 2023), and such a 
self-organized community might be a source of unexplored 
bioactive agents to tackle biofouling and bacterial biofilms 
of health concern. These species have gained a growing 
interest for their numerous bioactive properties with appli-
cation in diverse pharmacological and industrial domains, 
but remain poorly investigated (Sansone et al. 2017; Xiao 
and Zheng 2016; Guzmán et al. 2019).

The objective of this study was to investigate for the first 
time the anti-adhesive potential of EPS fractions extracted 
from microalgae biofilms cultivated in pilot-scale reactors. 
Early adhesion inhibition was tested using 8 human food-
borne bacterial pathogens belonging to Escherichia coli, 
Staphylococcus aureus, Salmonella enterica subsp. enterica, 
and Listeria monocytogenes and quantified by computing 
the biovolume from confocal laser scanning microscopy 
(CLSM) images. In order to better understand the mecha-
nisms behind the modification of bacterial adhesion, the 
physicochemical properties of the different EPS fractions 
were characterized using attenuated total reflectance Fourier 
transform infrared (ATR-FTIR) spectroscopy, high-perfor-
mance liquid chromatography (HPLC), and contact angle 
measurements.
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Material and methods

Preparation of microalgae extracts

Cylindrotheca closterium AC170 and Tetraselmis suecica 
AC254 from the Algobank-Caen culture collection (Uni-
versity of Caen, France) were cultivated as biofilms using 
a pilot patented rotating system (WO 2021180713A1) 
(Penaranda et al. 2023; Bernard et al. 2013). T. suecica bio-
mass was cultured by the company Inalve (Nice, France) 
under natural light and photoperiod during 250 days, from 
September 2020 to May 2021; while C. closterium was cul-
tured by the Laboratoire d’Océanographie de Villefranche 
(LOV, Villefranche-sur-Mer) for approximately 100 days, 
from April to July 2022. The rotating biofilm systems were 
placed in a pond filled with filtrated seawater (1, 0.5, and 
0.2 µm) treated by UV radiation (BIO-UV, UV-C 254 nm, 
225 mj/cm2) and operated within a greenhouse at room tem-
perature. Water temperature in tanks ranged from 10 to 26 
°C (mean 16.7 ± 3.5 °C) for T. suecica and from 20 to 35 °C 
(mean 25.0 ± 2.0 °C) for C. closterium. Pulse of nutrients 
was performed every 7 days using a modified f/2 medium, 
double strengthen with N and P, with a supplement of sili-
cate for C. closterium (Guillard 1975; Ryther and Guillard 
1962). Every 14 or 21 days, microalgae biomass from the 
biofilms was harvested by scraping the surface of the differ-
ent pilots, and the medium was renewed.

Extracellular polymeric substances (EPSs, Crude 
extracts) from C. closterium and T. suecica biofilms were 
extracted in water with agitation for 1 h at room temperature 
followed by low-speed filter-centrifugation with 1–5-µm fil-
ter fiber at 1000 rpm for 10 min (Fig. 1). The crude extracts 
were then processed as follows: (i) C. closterium soluble 
EPSs from crude extract were directly obtained by ultrafiltra-
tion at 5 kDa in order to concentrate the overall EPS fraction 

(Fraction C; IAVC2; solubility > 90% from 1 to 10 g.L−1 in 
Milli-Q water) and eliminate the salts by diafiltration using a 
SIVALAB ultrafiltration pilot equipped with 5 kDa ceramic 
membranes (Nyons, France); (ii) T. suecica insoluble EPS 
fraction from crude extract was obtained after high-speed 
centrifugation with CLARA 20 (GEA) (11,130 × g; 30 min) 
from the pellet (Fraction Ta; IAVT2_a; solubility of 33% 
from 1 to 10 g.L−1 in Milli-Q water); the clarified super-
natant obtained was then ultra-filtrated at 5 kDa in order to 
concentrate the soluble EPS (Fraction Tb; IAVT2_b; solubil-
ity of 87% from 1 to 10 g.L−1 in Milli-Q water) and remove 
the salts as previously described. Extracts were freeze-dried 
using a BUCHI LyovaporTM L-200 Freeze Dryer and stored 
at 4 °C until used. In summary, one fraction, Fraction C, was 
obtained from C. closterium, and two fractions, Fractions Ta 
and Tb, were extracted from T. suecica (Fig. 1).

Bacterial strains and growth conditions

A total of 8 isolates belonging to Escherichia coli (SS2, 
CIRMBP-0223, and CIRMBP-0248), Staphylococcus aureus 
(HG003), Salmonella enterica subsp. enterica (Serotype 
Infantis NCTC 35616 and Serotype Enteritidis CCUG 6678), 
and Listeria monocytogenes (ScottA and EGD-e) were used 
as human model pathogens (Table 1). Each strain was pre-
viously modified to express the green fluorescent protein 
(GFP), as described in Table 1. In prior experiments, E. coli 
and S. enterica subsp. enterica isolates were sub-cultured 
on Tryptic Soy Agar (TSA) supplemented with ampicillin at 
100 µg.mL−1 to maintain the plasmid carrying the gfp gene, 
while for S. aureus and L. monocytogenes isolates, erythro-
mycin at 5 µg.mL−1 was used. After incubation for 8 h at 37 
°C, a single colony forming unit (CFU) expressing the GFP 
(observation at UV light) was selected and cultured in 5 mL 
of Tryptic Soy Broth (TSB), overnight at 37 °C.

Fig. 1  Extraction process and fractionation of crude exopolysaccharides (EPSs) from Cylindrotheca closterium and Tetraselmis suecica biofilms. 
Fraction C corresponds to an extract from C. closterium, while fractions Ta and Tb were extracted from T. suecica 
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Adhesion assay

Early adherence assay to a polystyrene surface was carried 
out in 96-well microtiter plates (µclear, black, Greiner Bio-
One, Frickenhausen, Germany). The surface of the wells was 
coated with the different fractions C, Ta, and Tb, by adding 
150 µL of each extract diluted at 2 mg.mL−1 in sterile TSB 
and incubating at 4 °C during 24 h. The solution was then 
discarded prior the addition of bacteria.

For each tested bacterial strain, a GFP expressing colony 
from a 24 h-TSA culture with antibiotic was selected and 
grown in TSB without antibiotic, at 37 °C for 8 h with shak-
ing. Bacterial solution was then diluted to 50% in fresh TSB 
medium, and 200 µL was deposited in each coated well. Bacte-
ria were cultivated for 1 h at 37 °C under static conditions. To 
safeguard against any influence from growth-related factors, 
we deliberately chose a time point before the onset of the expo-
nential phase for all tested strains; this decision was guided by 
the results obtained from bacterial growth curves analysis (data 
not shown), thus ensuring that the observed effects could be 
solely attributed to adhesion. After incubation, non-adhered 
bacteria were removed, and 200 µL of fresh media was added 
prior to microscopic observation. Blank control consisted of 
sterile TSB medium, and 100% biofilm control consisted of 
bacterial surface accumulation without coating.

Biofilm observation was performed using a Leica HCS-
SP8 Confocal Laser Scanning Microscope (CLSM, LEICA 
Microsystems, Wetzlar, Germany) at the INRAe MIMA2 
imaging platform (doi.org/https:// doi. org/ 10. 15454/1. 55723 
48210 00772 7E12). An argon laser set at 30% intensity was 
used for excitation at 488 nm, and the emitted fluorescence 
was recorded between 500 and 550 nm. A × 63 water immer-
sion objective lens (Leica HC PL APO CS2) was used with 
a 512 × 512-pixel definition and a bidirectional acquisition 
speed of 600 Hz. For 3D stack acquisition, a 1-µm axial res-
olution was applied. The CLSM images were reconstructed 

into 3D images using IMARIS ver. 9.3.1 (Bitplane AG, 
Zurich, Switzerland), and biofilm biomass was estimated 
by calculating the biovolume (µm3.µm−2). A total of 3 rep-
licate wells were performed for each experiment, and 3 
random CLSM acquisitions per well were recorded. Four 
independent experiments (i.e., four different microplates) 
were carried out (n = 12 for each condition, with 36 CLSM 
acquisitions per condition).

Characterization of microalgae extracts and coated 
surfaces

Chemical analysis

Dry matter, ash, protein, sulfate, and carbohydrate composi-
tion of microalgae extracts were determined by the CEVA 
(Centre d’Etude et de Valorisation des Algues, Pleubian, 
France) according to previously reported methods. The dry 
weight (DW) was evaluated according to the reduction of sam-
ple weight after 24 h at 103 °C. Ash content was determined 
gravimetrically after combustion at 550 °C for 12 h, following 
a reference procedure (AFNOR, standard NF ISO 5984), in 
order to estimate the efficiency of the desalting step. Protein 
content was estimated using the standard Kjeldahl nitrogen 
analysis; an N-to-protein conversion factor of 6.25 was used 
(Marinho-Soriano et al. 2006). Sulfate content was determined 
using the turbidimetric method of barium sulfate  (BaSO4) 
(Tabatabai 1974) in order to estimate the proportion of sul-
fated polysaccharides. Neutral sugar, mannitol, and uronic acid 
composition was evaluated by high-performance liquid chro-
matography (HPLC) analysis after controlled methanolysis in 
MeOH–HCl, using an absorbosphere RP18 column (RP18, 
5 µm, 4.6 × 250 mm GraceSmart, Deerfield, IL, USA) as 
described by Quéméner et al. (2000). Chromatographic peaks 
were identified according to high purity reference standards.

Table 1  List of bacterial strains used in this study

Strain ID Species Origin Plasmid Reference

SS2 Escherichia coli Industry pCM11_sGFP (Gomes et al. 2017)
CIRMBP-0223 Escherichia coli Chicken, trachea pCM11_sGFP (Guéneau et al. unpublished)
CIRMBP-0248 Escherichia coli Chicken, intestine pCM11_sGFP
HG003 Staphylococcus aureus NCTC 8325 derivative 

isolated from human
pAH13 (Malone et al. 2009)

NCTC 6678 Salmonella enterica subsp. enterica
Serotype Enteritidis

Cow pCM11_sGFP (Guéneau et al. unpublished)

CCUG 35612 Salmonella enterica subsp. enterica
Serotype Infantis

Pasta pCM11_sGFP

ScottA Listeria monocytogenes Clinical isolate from a 
food-borne listeriosis 
outbreak

pCM11_sGFP (Lauderdale et al. 2010)

EGD-e Listeria monocytogenes Rabbit pNF8 (Habimana et al. 2009)

https://doi.org/10.15454/1.5572348210007727E12
https://doi.org/10.15454/1.5572348210007727E12
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ATR‑FTIR spectroscopy

Attenuated total reflexion Fourier transform infrared (ATR-
FTIR) spectroscopy was performed as previously described 
by Fanesi et al. (2019). Briefly, ATR-FTIR spectra were 
obtained using a PerkinElmer Spectrum-two spectrometer 
(PerkinElmer, Waltham, MA, USA). Spectra were recorded 
in reflectance mode between 4000 and 400  cm−1 using 32 
accumulations at a spectral resolution of 4  cm−1. Spectra were 
baselined using the rubber band algorithm and normalized at 
the Amide I band.

Contact‑angle assay

After coating the supports with the different fractions, surface 
hydrophobicity was measured by static contact-angle measure-
ments (5 µL drop of distilled water) with an automatic drop 
tensiometer (Tracker Teclis/IT Concept, France) as described 
by Li et al. (2023). Angle values were calculated using the 
ImageJ 1.53t software with the Contact-Angle plugin and were 
the average of 6 measurements.

Calculation and statistical analysis

The percentage of bacterial surface accumulation was deter-
mined according to the biovolume (µm3.µm−2) obtained from 
CLSM stacks as follows:

The 100% control corresponds to the biovolume of bacterial 
biomass adhered on surfaces without coating (untreated bac-
teria). Statistical analyses were performed using RStudio ver. 
4.2.0 software (R Core Team 2013). Differences in bacterial 
adhesion biomass compared to the control were determined 
using a one-way analysis of variance (ANOVA); after that, 
normality and homoscedasticity of the distribution hypothesis 
were verified, followed by a Dunnett post hoc test. A post hoc 
test was performed using the DescTools package ver. 0.99.47 
(Signorell et al. 2019). The differences were considered statis-
tically significant at p-value < 0.05. Graphics were drawn using 
the ggplot2 package ver. 3.3.6 (Wickham 2016).

Results

Adhesion assay

Overall, our results show no difference in bacterial adhe-
sion between the control and the fractions C and Tb, while 
3 bacterial strains exhibited lower adhesion capacity for the 
fraction Ta (Fig. 2A). For the latter, significant differences 

(1)Biof ilm adhesion(%) = 100 ×
BiovolumeSample

Biovolume100%control

were observed for ScottA, where only 41.9 ± 17.9% of 
adhered bacterial biovolume was measured, compared 
to the control (ANOVA, Dunnett test; p-value = 0.0292). 
Similarly, only 59.9 ± 17.0 and 60.0 ± 19.5% of S. aureus 
HG003 and E. coli SS2 bacterial biovolume, respec-
tively, adhered to the faction Ta (ANOVA, Dunnett test; 
p-value = 0.0065 and 0.024, respectively).

CLSM observations displayed in Fig. 2B showed that 
most of the strains adhered to the control surface in a 
homogeneous way, with aggregates observed for E. coli 
SS2 and S. enterica subsp. enterica CCUG 35616/NCTC 
6678. However, adherence to the surfaces coated with the 
fraction C, Ta, and Tb highlighted different 3D configura-
tions for S. aureus HG003, exhibiting the clustering of 
specific aggregates and regions of no adhesion. Similarly, 
fractions Tb induced different 3D adhesion patterns for E. 
coli CIRMBP-0248 and L. monocytogenes EGD-e com-
pared to the control, as well as fraction Ta for both strains 
of L. monocytogenes.

Physicochemical characterization of the microalgae 
extracts

In order to unravel the dissimilarities in structural and 
physicochemical composition that may potentially explain 
the difference in bacterial adhesion, microalgal extracts 
were analyzed for dry matter, ash, sulfate, protein, and 
carbohydrate contents. The chemical composition of the 
microalgal EPS fractions C, Ta, and Tb is given in Table 2.

Fractions Ta and Tb were mostly composed of carbo-
hydrates (35.1 and 30.5% DW, respectively), while frac-
tion C showed a high content of proteins (37.0% DW), 
followed by carbohydrates (30.6% DW). Sulfate content 
was relatively low for fractions C and Ta (1.0 and 3.7% 
DW, respectively), whereas fraction Tb exhibited a higher 
concentration (12.7% DW). Overall, total carbohydrate 
content was similar between the 3 fractions ranging from 
30.5 to 35.1% DW, while divergences were observed in 
compositions.

Fraction C was mainly constituted by glucose repre-
senting 35.6% of total carbohydrates, while fraction Ta 
harbored 69.3% of Kdo and fraction Tb was mainly con-
stituted of 59.0% of galactose and 23.4% of Kdo. A high 
content of glucuronic acid (19.6%) was measured in frac-
tion C, and fraction Ta harbored the greatest content of 
galacturonic acid (10.5%). Kdo was not present in fraction 
C, and fraction Ta did not contain rhamnose and fucose; 
none of the factions comprised mannitol.

The FTIR spectroscopy analysis was then performed to 
evaluate the differences between the chemical structure of the 
different fractions according to the band assignments in liter-
ature (Murdock and Wetzel 2009; Scarsini et al. 2021; Fanesi 
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et al. 2019; Soto-Vásquez et al. 2022). As displayed in Fig. 3 
and Table 3, the FTIR spectrum of EPS fractions extracted 
from C. closterium and T. suecica showed several dissimi-
larities. Overall, in each fraction, a broad band of vibration 
was detected between 3000 and 3500  cm−1 attributed to the 
stretching vibration of O − H and N − H groups, followed by 
a weak signal between 2800 and 2950  cm−1 corresponding 
to C − H,  CH2, and  CH3 stretching vibrations (Table 3). The 
presence of a vibration band at 1635  cm−1 (Fig. 3, Table 3 

[2]) is associated with the stretching of C = O (Amide I), 
and the presence of a peak at 1545  cm−1 (Fig. 3, Table 3 [3]) 
is characterized to the bending of N − H and stretching of 
C − N bonds (Amide II). However, the fraction Ta presents 
a slightly shifted peak at 1605  cm−1 (Fig. 3, Table 3 [2]) 
compared to those from the fractions C and Tb. The bands at 
1405  cm−1 (Fig. 3, Table 3 [4]) of the different fractions are 
related to the stretching vibration of C − O bonds, while those 
around 1245  cm−1 (Fig. 3, Table 3 [5]) may correspond to 

Fig. 2  Bacterial adhesion inhibition of the different tested strains 
cultured for 1 h at 37 °C on 96-well microtiter plates after coating 
with the different microalgae extracts: fractions C, Ta, and Tb. A 
Percentage of bacterial adhesion was determined according to the 
GFP-tagged biofilm biovolume (µm3.µm−2) and reported relative to 
the control defined as 100% (untreated bacteria) and sterility control 
wells defined as 0%. The horizontal bar denotes the 100% control for 
reference. Vertical bars represent means ± standard deviations (3 bio-

logical replicates for each of the 4-independent assays; n = 12). The 
asterisk (*) symbols stand for significantly different values compared 
to the 100% control (ANOVA, Dunnett test; p-value < 0.05). B Rep-
resentative IMARIS easy 3D projections, depicting the GFP-tagged 
CLSM biofilm observation at a magnification of × 63. The shadows 
on the right represent the virtual lateral biofilm projection of the sub-
merged biofilm. White scale bars represent 20 µm
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S = O or P = O bonds. Besides, when comparing the intensity 
between spectra, the fraction Tb showed higher intensity of 
the vibration band associated with S = O or P = O between 
1300 and 1200  cm−1 than for the fraction C and Ta. Vibration 
bands between 1200 and 950  cm−1 (Fig. 3, Table 3 [6]), often 
associated with the stretching vibration of C − O − C, showed 
various deformations and thus highlight high dissimilarities 
between the 3 spectra. Fraction C presented distinctive peaks 
around 1088  cm−1 (Fig. 3, Table 3 [7]) characteristic of silica; 
while fraction Ta presented a distinctive pattern with a peak 
around 1015  cm−1 (Fig. 3, Table 3 [8]) characteristic of starch 
and cellulose.

Contact-angle analysis highlighted a decrease in the 
hydrophobicity of the surface coated with the different 
fractions, with angle values corresponding to 25.7 ± 4.7° 
for fraction C, 31.1 ± 6.4° for fraction Ta, and 39.7 ± 6.3° 
for fraction Tb (n = 6). The non-coated substrate exhibited 
an angle of 46.2 ± 4.5°.

Discussion

The objective of this study was to investigate the anti-adhe-
sive properties of EPS constituents extracted from micro-
algal photosynthetic biofilms, with the aim of developing 

Table 2  Average chemical composition of the different microal-
gae extracts: fraction C, Ta, and Tb. Concentrations are expressed 
in g (100 g)−1 dry weight (DW), except for carbohydrate concentra-
tions which are expressed relative to the total carbohydrate contents. 
Abbreviation: Kdo 3-deoxy-d-manno-oct-2-ulosonic acid

Fraction C Fraction Ta Fraction Tb

Dry weight DW g (100 g)−1 90.8 94.4 93.1
Ash (% DW) 12.1 29.7 21.9
Sulfate (% DW) 1.0 3.7 12.7
Proteins (% DW) 37.0 22.1 25.4
Total carbohydrates (% DW) 30.6 35.1 30.5
Carbohydrates composition 

(% total carbohydrates)
Galactose 16.7 8.9 59.0
Glucose 35.6 8.6 5.1
Mannose 2.3 1.3 1.6
Rhamnose 13.7 0.0 2.1
Fucose 7.5 0.0 2.6
Kdo 0.0 69.3 23.4
Galacturonic acid 4.6 10.5 4.5
Glucuronic acid 19.6 1.3 1.8
Mannitol 0.0 0.0 0.0

Fig. 3  Normalized ATR-FTIR spectra of EPSs extracted from the 
microalgae C. closterium (Fraction C) and T. suecica (Fractions Ta 
and Tb). Spectra were normalized using the Amide I band, selected 

as an internal reference to facilitate visual comparisons. The numbers 
[#] correspond to the bands # in the Table 3. Only the wavenumbers 
from 1800 to 900  cm−1 are represented. a.u., arbitrary units
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non-toxic and sustainable anti-adhesive surfaces for wide 
application in food-contact materials. Anti-adhesion proper-
ties and chemical composition of 3 EPS fractions extracted 
from 2 species of microalgae Cylindrotheca closterium 
(fraction C) and Tetraselmis suecica (fractions Ta and 
Tb) were characterized. Anti-adhesion effect was investi-
gated using 8 human food-borne pathogens belonging to 
Escherichia coli, Staphylococcus aureus, Salmonella enter-
ica subsp. enterica, and Listeria monocytogenes. Overall, 
exopolysaccharides were the major constituents of the dif-
ferent extracts, in particular fractions Ta and Tb. Fractions 
C, Ta, and Tb exhibited different anti-adhesion properties 
that may be explained by several dissimilarities observed in 
structural and chemical compositions. Bacterial exposure to 
a surface coated with the fraction Ta generated lower early 
adherence capacity for 3 strains of E. coli, S. aureus, and 
L. monocytogenes, while exposure to fractions C and Tb 
exhibited no difference with respect to the control.

Fractions Ta exhibited the greatest anti‑adhesion 
properties for both Gram‑negative 
and Gram‑positive bacteria

Coating with the different fractions induced distinct adhesion 
patterns and 3D conformations revealed by the GFP-tagged 
biofilm observations using CLSM. Our results showed 
that one Gram-negative strain belonging to E. coli and two 
Gram-positive strains belonging to S. aureus and L. mono-
cytogenes displayed low adherence capacity for fraction Ta, 

while adherence of Salmonella enterica subsp. enterica was 
similar to the control. More precisely, fraction Ta exhibited 
around 40% biovolume inhibition of adhered bacteria for E. 
coli SS2 and S. aureus HG003 and 58% of biovolume inhibi-
tion of adhered bacteria for L. monocytogenes ScottA. The 
results demonstrate that the effect is strain-specific instead of 
species-specific and that the anti-adhesion activity impacts 
both Gram-negative and Gram-positive bacterial pathogens.

Although not fully understood, various mechanisms could 
explain the inhibition of bacterial adhesion including the 
modification of the chemical and physical properties of the 
surface, which may weaken the cell-surface contacts (Zheng 
et al. 2021). Surface topography is also known to influence 
initial cell-surface interactions, along with surface roughness 
commonly linked to the modification of bacterial attachment 
and 3D conformations. Polysaccharides act as biosurfactants 
affecting the surface  hydrophobicity and electrostatic 
charges. Indeed, our results from contact-angle analysis indi-
cated that the 3 fractions were able to alter the wettability 
of the surface by increasing its hydrophily. It is frequently 
admitted that hydrophilic materials are less susceptible to 
bacterial adhesion than hydrophobic ones (Faÿ et al. 2023), 
whereas some contradictory opinions do exist (Zhang et al. 
2013). In particular, Valle et al. (2006) demonstrated that 
polysaccharides secreted by E. coli induced physicochemi-
cal surface alterations, which further reduced adhesion and 
biofilm formation of nosocomial pathogens. Coating of glass 
surfaces with the culture supernatant decreased the water-
slide interfacial energy, suggesting a hydrophilic character. 

Table 3  Range of FTIR band from the spectra of the microalgal EPS 
extracts fraction C, Ta, and Tb, as well as their potential assignments 
according to literature. The bands # correspond to the numbers [#] in 
Fig. 3. v = symmetric stretching, vas = asymmetric stretching, δ = sym-

metric deformation. Band assignments were determined according to 
Murdock and Wetzel (2009). + stands for presence and − stands for 
absence

Results Tentative band assignments from literature Presence/
absence in EPS 
fractions

Band zone # Wavenumbers in 
this study  (cm−1)

Wavenumbers in 
literature  (cm−1)

Vibration type Potential functional group C Ta Tb

/ 3400–3100 3400–3300 v(O − H) v(N − H) Water Proteins  +  +  + 
/ 2950–2800 2970–2850 vas(CH3) vas(CH2) v(CH2,  CH3) Methyl and methylene groups of lipids  +  +  + 
[1] 1730 1745–1734 v(C = O) of esters Membrane lipids, fatty acids  +  +  + 
[2] 1635 1655–1638 v(C = O) Proteins (Amide I)  +  −  + 

1605  −  +  − 
[3] 1545 1545–1540 δ(N − H) v(C − N) Proteins (Amide II)  +  +  + 
[4] 1405 1460–1392 v(C − O) Carboxyl group  +  +  + 
[5] 1275–1185 1255–1250 vas(S = O) Sulfate group  +  +  + 

1244–1230 vas(P = O) Nucleic acid, Phosphorylated sugars
[6] 1180–950 1200–950 v(C − O − C) vas(P = O) Polysaccharides Nucleic acids  +  +  + 
[7] 1088 1100–1060 v(Si − O) Biogenic silica  +  −  − 
[8] 1015 1100–900 v(C − O) Starch/cellulose  −  +  − 
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Similarly, they demonstrated an anionic nature of the super-
natants which may be involved in the antiadhesive properties 
of the fractions. Bacterial cell walls are negatively charged 
at neutral pH, and adherence to anionic surface will thus be 
compromised by the electrostatic repulsion forces. That is 
why anionic polysaccharides with hydrophilic characteristics 
have been highly investigated for their high potential in the 
development of anti-adhesive surfaces (Junter et al. 2016). 
In addition, Gadenne et al. (2015) have also highlighted 
the role of molecular weight (MW) of polysaccharides and 
their immobilization protocol in the anti-adhesive effect of 
the coated surface. The difference in adhesive capacity of 
coated polysaccharides with distinct MW appeared to follow 
a parabolic behavior, leading to distinct layer conformations. 
For instance, Dong et al. (2011) demonstrated that surfaces 
coated with polyethylene glycol (PEG) at a MW of 2000 
harboured an optimal antifouling ability compared to PEG 
with higher and lower MW.

Exopolysaccharides may not only impact cell-surface 
interactions and the initial adhesion, but they could also 
interfere with cellular interactions along with the biofilm 
development, maturation, and dispersal (Valle et al. 2006; 
Jiang et al. 2011). For instance, the exopolysaccharide A101 
purified from the culture supernatant of Vibrio sp. has the 
ability to disrupt the established biofilm and aggregates 
of bacterial pathogens without affecting bacterial growth, 
suggesting that A101 is able to interfere with cell–cell 
interactions (Jiang et al. 2011). Another study indicated 
that anti-biofilm activity of the exopolysaccharides from 
Lactobacillus acidophilus was associated with changes in 
gene expression patterns of E. coli related to the production 
of curli adhesive surface fibers and chemotaxis, which are 
known to affect biofilm architecture (Kim and Kim 2009).

The modification of properties such as wettability and 
electrostatic charge, related to the antiadhesive effect, 
depends on the chemical composition of the coated surface 
associated with the EPSs. That is why we further investi-
gated the chemical and structural composition of the EPS 
fractions to better understand the mechanisms driven by the 
observed adhesion inhibition.

EPS extracts showed different chemical 
and structural compositions

The chemical and structural analysis of the different fractions 
highlighted great structural diversity and complexity in EPS 
fractions C, Ta, and Tb, with a high content of polysaccha-
rides. Both ATR-FTIR and HPLC are advanced analytical 
methods widely used for the characterization of EPSs, provid-
ing valuable insights into their physicochemical structures and 
compositions. Thanks to the ATR-FTIR analysis performed 
on a global mixture, we unrevealed the complex and hetero-
geneous character of the different fractions. Then, the HPLC 

analysis based on the separation of the different substances 
allowed to characterize individually the compounds within the 
mixtures, which further helped in unrevealing the oligosac-
charide composition.

Fraction C extracted from the diatom C. closterium con-
sisted of a high content of proteins and carbohydrates, with 
glucose being the most abundant. Interestingly, the major 
form of storage polysaccharide of diatom, such as C. closte-
rium, is chrysolaminarin, which degradation produces glu-
cose (Wagner et al. 2017). Moreover, ATR-FTIR spectral 
analysis revealed vibrations that are characteristic of silica. 
Those results are in agreement with previously reported 
literature, in which diatom exhibited a characteristic FTIR 
pattern due to the presence of silica frustule (cell wall) (Mur-
dock and Wetzel 2009).

Fraction Tb exhibited the highest concentration of sul-
fate, which may indicate the potential presence of sulfated 
exopolysaccharides. Interestingly, several bacterial pathogens 
had shown affinity for sulfated glycoconjugates found on the 
surface of eukaryotic epithelial cells, and the use of agonist 
compounds such as sulfated exopolysaccharides may help in 
reducing bacterial adhesion by a competition process (Ofek 
et al. 2003). For instance, Guzman-Murillo and Ascencio 
(2000) have shown that microalgal sulfated exopolysaccha-
rides can be effectively used to reduce human pathogen adhe-
sion Helicobacter pylori to the HeLa S3 cell line, as well as 
the fish pathogens adhesion Aeromonas veronii, V. campbel-
lii, V. ordalii, and Streptococcus saprophyticus, to spotted 
sand bass primary tissue culture cells. Similarly, glucuronic 
acid-enriched polysaccharides help in blocking the adhe-
sion of H. pylori on human stomach tissue (Wittschier et al. 
2007), and here fraction C, containing the highest amount of 
glucuronic acid might be investigated for its therapy poten-
tial. Though the presence of uronic acids and sulfated polys-
sacharides in fractions Tb and C cannot explain our data, 
these extracts should be further studied for their possible anti-
adhesive effectiveness and use in human therapies.

Both fractions Ta (rich in insoluble scale structure) and 
Tb (rich in soluble EPS) contained 3-deoxy-d-manno-oct-
2-ulosonic acid (Kdo), with fraction Ta exhibiting the high-
est content, along with a FTIR spectral pattern associated 
with starch. Those results are similar to those previously 
obtained in the literature (Kermanshahi-Pour et al. 2014; 
Delran et al. 2023). Indeed, the cell wall of T. suecica is 
described as being composed of different layers composed of 
carbohydrates (up to 45% DW of starch) and proteins, form-
ing a complex network and providing a more resistant cell 
structure (Delran et al. 2023). This network contains mainly 
galactose, xylose, rhamnose, mannose, and arabinose as well 
as up to 5% DW of the rare sugars Kdo (Kermanshahi-Pour 
et al. 2014). All these compounds form a strong and rela-
tively rigid scale structure of the cell wall. Depending on 
the culture conditions, it has been observed that T. suecica 
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cell wall can be formed by 5 layers (Azma et al. 2010). It 
should be pointed out that Kdo sugar is a core element of 
bacterial lipopolysaccharides (LPSs) which have been found 
in the outer membrane of numerous Gram-negative bacte-
ria, including human pathogens (Stead et al. 2005; Okan 
et al. 2013). Interestingly, it has a high potential in pharma-
ceutical applications, due to its immunostimulant and as a 
therapeutic target potential (Cipolla et al. 2010; Cloutier and 
Gauthier 2020). Whether the high amount of Kdo in fraction 
Ta may explain the greater inhibition effect of early bacte-
rial adhesion is uncertain and needs further investigations, 
although it is clear that T. suecica is a high-value species 
which need to be further explored for its EPS biosynthesis, 
in particular Kdo production, with potential economical and 
pharmaceutical interests.

Future outlooks on the application of microalgal 
EPSs as anti‑adhesive surfaces

Our data clearly shows that EPSs extracts from T. suecica 
microalgae biofilms (Ta) have anti-adhesive properties 
against some Gram-positive and Gram-negative bacteria. 
Microalgae biofilms can therefore represent an important 
source of natural anti-fouling compounds.

Composition of EPSs is significantly affected by the 
production conditions including microalgal strains, cul-
ture conditions, and extraction process (Costa et al. 2021). 
First, we demonstrated that two fractions—fractions Ta 
and Tb—originated from the same microalgae cultures 
had distinct antiadhesive properties, confirming that the 
extraction process plays a key role in the isolation of com-
ponents of interest. Second, this study helps characterising 
EPSs from microalgae biofilm-based cultures which are 
barely studied compared to those from planktonic cells. 
Several studies highlighted an increased polysaccharide 
yield and significant differences in chemical composition 
among planktonic and biofilm bacterial cultures (Kives 
et al. 2006). We may thus speculate that new compounds 
at high productivity can be produced with biofilm-based 
cultures. In addition, it has been shown that the combina-
tion of different stages including optimal growth condi-
tions that stimulate biomass production, along with stress-
related conditions that favor polysaccharide production, 
enable to achieve higher yields of microalgal polysaccha-
rides (Cruz et al. 2020). Besides increased productivity, 
such techniques may also favor the production of unique 
bioactive components. Indeed, crude extracts from the 
diatom Leptocylindrus sp. cultured in stress conditions 
(N-starvation) showed acute anti-biofilm activity against 
Staphylococcus epidermidis, while no effect was observed 
when no stress was applied (Lauritano et al. 2016).

In conclusion, in this study, the physicochemical and 
biological-activity relationship of EPSs fractions extracted 

from biofilm-based cultures of C. closterium (fraction C) 
and T. suecica (fractions Ta and Tb) was characterized. 
Fraction Ta harbored the greatest anti-adhesive properties 
against food-borne pathogens, which could be explained by 
structural and physicochemical peculiarities. This effect was 
strain-specific and affected both Gram-negative and Gram-
positive bacteria. Further work must be carried out to iden-
tify compound(s) responsible for its antiadhesive behavior, 
along with the interaction mechanisms between bacteria and 
anti-fouling compound(s). Its/their in-depth characterization 
as well as assessment of toxic susceptibility and biodegrada-
bility will be crucial for application in food-contact materi-
als. Besides the development of sustainable and non-toxic 
anti-adhesive surfaces for food industries, such compounds 
have inherent wide applications, ranging from marine, agri-
cultural, and industrial equipment, including ship hulls and 
aquaculture sea-cages, to biomedical devices such as biosen-
sors and implants (Banerjee et al. 2011).
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