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Abstract: The antifouling performance of a zwitterionic Sulfobetaine-Hydroxyethyl containing-
Polymethylmethacrylate ter-co-polymer (PSBM) is evaluated against three photosynthetic strains,
namely Chlorella  sp., Nannochloropsis sp., and Arthrospira maxima. PSBM coated
polymethylmethacrylate (PMMA) surfaces displayed significantly reduced propensity for biofilm
formation, compared to rough and untreated controls, leaving clean surfaces after 7 days of exposure.
A tribological approach was adopted to estimate the long-term durability of the PSBM coating.
Repeated cycles of exposure to Chlorella sp., Nannochloropsis sp., and A. maxima biomass subject the
coating to stress and continuous biofilm challenge. After several cycles, the PSBM coating maintains
a higher antifouling efficacy than untreated PMMA surfaces, suggesting stability and high potential
in Photobioreactors application.

Keywords: biofouling; biofilm; photobioreactor; polymethylmethacrylate; Chlorella  sp.;
Nannochloropsis sp; Arthrospira maxima; biomass; zwitterionic coating

1. Introduction

The microalgae and cyanobacteria biomass cultivation are promising bio-factories because they
can be used in food, feed, bioactive bulk substances, wastewater treatment, and fuel production [1].
They provide valuable natural antibiotics, pigments, vitamins, and bioactive compounds [2-4].
Microalgae use CO:2 as a carbon sourse to generate biomass through a photosynthetic process. This
makes them active materials in COz sequestration to mitigate global warming and for the sustainable
production of bioenergy and other value-added products [5-8].

The most prevalent approaches for large-scale phototrophic biomass production are open
systems like ponds and artificial basins or closed photobioreactors (PBRs) [9]. Open systems are
cheaper to design, build, and maintain, while the closed ones, despite a higher initial investment,
produce biomass more efficiently for fine chemical, nutraceutical, and pharmaceutical applications.

However, large-scale microalgae production presents several challenges, including selecting the
correct algal strain and biomass-producing methods, long-term efficiency and harvesting [1,10].
Furthermore, bioproducts and microorganisms, which adhere and multiply on the inner surfaces,
cause a counterproductive process called biofouling [11,12]. This reduces solar/UV radiation
penetration through the PBRs walls and biomass production, also causing cell pigmentation
alterations, culture degradation, and invasive microbe contamination [13].

Biofilm growth on PBR surfaces, depends on several factors and its understanding requires a
holistic approach as it involves bio, engineering, and chemico-physical experties. PBR material and
geometry, algae typology, culture medium ionic strength, fluid dynamics [12-15] are among the most
demanding.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Biofouling on PBR surfaces begins with organic molecule adsorption, creating a conditioning
film to which microalgae adhere and secrete exopolymeric substances (EPS), increasing the surface
biofouling potential [14,15]. Environmental variables including temperature, light intensity, and
nutritional ratios impact it. High temperatures and light, especially in outdoor culture, boost EPS
synthesis and cell adhesion and biofouling [14].

PBR walls are often made of acrylate, polymethylmethacrylates, and polyethylene plastics due
to their transparency and mechanical properties. These polymers are hydrophobic and, over the time,
their wettability reduces while cell adherence increases [9,12]. Even surface roughness, often caused
by ageing, can promote cell adhesion and biofilm growth [11,12].

Recent study highlights innovative surface modifications to reduce biofouling [14-17]. A very
promising method is surface grafting of hydrophilic "fouling resistant coatings" (FRCs). Examples
include PEG, PA, hydrogel, and ZW coatings [16,18-23]. These coatings are biomimetic [24] since,
like peptides and glycoproteins, in water generate a surface hydration layer that prevents proteins,
algae, and other generic foulants from settling [25].

Among these, zwitterionic polymers, a family of polyampholytes with high polarisable unit
pairs of cations and anions, were extensively investigated in the context of marine, bio, and medical
fields, due to their excellent biocompatibility, stability, and minimal fouling [26,27]. Due to well
established synthetic procedures, a large variety of- sulfo- and carboxy-betaine methylmethacrylates
based ZW polymers have been developed. These display a plethora of properties such as
conformational electrolyte-responsiveness [28], AF activity retention in high salt concentrations
[26,29], and composition-controlled surface activity, which make them suitable candidates for the
engineering of AF coatings for PBRs surface application. Nevertheless, only a few examples are
reported. These concern omo-polysulfobetaine- and sulfobetaine copolymers grafted on chemically
activated PE (polyethylene) and EVA (ethylene-vinylacetate copolymer) substrates [30,31], which
displayed satisfactory AF behavior against Chlorella sp [30].

Biofouling and surface topography highly affect material surface performance and lifespan.
Prevention methods included surface engineering and coatings design to inhibit biological material
adherence and wear effects [32]. Tribology is the multidisciplinary science which studies friction
effects, wear, and lubrication of surfaces under extreme environments. It is essential for assessing
surface material life, mechanical contact efficiency, degradation properties of polymer coatings
[32,33] and, at the same time, to improve their biodegradability and of end-of-cycle recycling [34].
Literature reports [36] emphasize the importance of using this technique to create tribosystems with
coatings that function in the intended wear regime, enhancing surface life cycle.

To overcome the issue of biofouling inside PBR walls the zwitterionic Sulfobetaine-
Hydroxyethyl containing-Polymethylmethacrylate ter-co-polymer coating (PSBM) was developed,
whose antifouling activity was excellent against Chlorella sp. [37]. In the present study, we report on
PSBM antifouling characteristics compared to different photosynthetic strains, namely Chlorella sp.,
Nannochloropsis sp. and Arthrospira maxima. Antifouling tests were also performed on untreated
PMMA and mechanically aged/rough coupons for 7 days for comparison. To test the long-term
working of PSBM coated PMMA coupons, a tribological approach is used here. To this aim, the PSBM
coupons were repeatedly exposed to Nannochloropsis sp., A. maxima, and Chlorella sp. and their
behavior compared to uncoated PMMA controls.

2. Materials and Methods
2.1. PMMA Coupons

PSBM coated PMMA coupons were prepared according to an established procedure [37].
Untreated PMMA (UT) and rough PMMA (R), obtained by using sandpaper of Grit size P800, were
used for comparative tests. The dimension of all three types of coupons were 16 mm x 12 mm x 2 mm
and used in duplicate in each set of experiments. Each side of the coupons were sterilized under
ultraviolet light (UV) for 10 minutes each. The coupons were glued on glass slides and sterilized
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under UV and then inserted in double into Erlenmeyer flasks containing the growth medium for the
AF tests (Figure 1a) For the tribological experiments were carried out using glass Petri dishes & 110
mm (Figure 1b). Coupons were hydrated before experimentation by covering them with the
appropriate medium for 24 hrs.

Figure 1. Erlenmeyer flask (a) and glass Petri dish (b) with coupons before the addition of algal suspension.

2.2. Photosynthetic Strains

The three photosynthetic strains used to test the AF coating performance were the Chiorella sp.
strain coming from the culture collection of the Laboratory of Microbiology Applied to the
Environment and Cultural Heritage (Micro ABC), Nannochloropsis sp. and the filamentous
cyanobacterium A. maxima from the culture collection of Laboratory of Microbial Ecology (Figure 2).

Figure 2. Light microscopy images of the 3 strains used. a) Chlorella sp.; b) Nannochloropsis sp. and c) A. maxima.
Bars are 50 um.

Chlorella sp. and Nannochloropsis sp. microalgal strains were grown in BG 11 medium [38], while
the cyanobacterium A. maxima was grown in Zarrouk's medium [39]. For all experiments, fresh
biomass was obtained by growing each strain in the respective liquid medium for 7 days, under a
constant light intensity of 3000 lux and an agitation at 100 rpm, at room temperature of about 24°C.
Biomass was then collected by centrifugation at 10,000 rpm per 30 minutes at 10°C, rinsed and
centrifuged three times with sterile physiological solution and the pellet wet weight was then
determined. The biomass amount inoculated into the flasks or into the Petri dishes was adjusted to
be about >1 g/L for all the strains.

2.3. Antifouling Assays

The AF experiments for each strain were carried out in duplicate on Erlenmeyer flasks, each
containing two sets of glass slides with attached coupons (PSBM, UT and R), 400 mL of liquid
medium, and biomass adjusted to a final value > 1g/L (Figure 1a). Then, the flasks were placed on the
orbital shaker for 7 days under a continuous light exposure of 3000 lux and agitation (100 rpm) at
room temperature (~24°C). At the end of the 7 days cycle, the biomass was collected by centrifugation
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as previously described and the wet weight obtained was calculated and compared to the starter
amount to determine the biomass production. The coupons were detached from the glass slide, rinsed
with sterile distilled water and observed under a light microscope (Leica DM750) and fluorescent
microscope (Leica DMRE). Each image, representative of the general behavior of algal cells, were
analysed by Leica LAS EZ Application (Version 3.4.0 Switzerland), and further processed by Image]
software (Version 1.46r). Cell counts, area coverage/mm?, and percentage of coverage of the coupons
were determined.

2.4. Tribological Tests

For running tribological cycles, untreated (UT) and PSBM PMMA coupons coming from the
antifouling tests described in section 2.3 were employed (this cycle was considered as cycle nr. 1).
The experiments were carried out using glass Petri plates & 110 mm instead of Erlenmeyer flasks
(Figure 1). For each cycle the same coupons were placed at the bottom of sterile glass Petri plates and
sterilized by UV radiation for 10 minutes. The starting biomass was obtained as described in par. 2.2
and adjusted at 21 g/L. when inoculated onto Petri plates with hydrated PMMA coupons. The
inoculated Petri dishes were placed on an orbital agitator at 80 rpm to evenly distribute biomass on
all surfaces. Light intensity was 3000 lux, and temperature was 25°C. After each 7-day experimental
cycle, biomass was collected and weighted as indicated in section 2.3 and the coupons were rinsed
with sterile deionized water to eliminate loose biomass. Then, they were observed under the light
microscope and Image] software (ver. 1.46) was used to assess biofouling and performance over time.
Finally, the coupons were gently washed and rinsed and used for the next cycle.

3. Results and Discussion
3.1. Biomass Production

The biomass production was not affected by the presence of the coupons, and it reached very
satisfactory values for all the 3 strains. Biomass production doubled after 7 days of incubation (from
1.3 g/L, to 2.65 g/L for Chlorella sp, from 0.85 g/L, to 1.7 g/L for Nannochloropsis sp, and from 1.0 g/L,
to 2.0 g/L, for A. maxima). This indicates a robust and proportional biomass increase for all strains
under the given incubation conditions.

3.2. Antifouling Performance

The antifouling performance of R, UT and PSBM PMMA surfaces was evaluated by the image
analysis obtained under light and fluorescent microscopy. The results are reported in Figures 3 and
4 and Table 1. These clearly show that after a 7-day cycle, rough PMMA allowed the highest adhesion
of cells for all the three strains. For Chlorella sp. the average number of cells/mm? was 4500 cells/mm?,
corresponding to an area coverage of 9%, while, for Nannochloropsis sp., an average of 6063
cells/mm? was observed with 3% of occupied area. For A. maxima only the area coverage was , due
to the poor persistence of the filaments on R and UT surfaces as shown in Figures 4 g and h. The value
of 37.72 % considers also the presence of biofilm and cell debris. The UT coupons showed for
Chlorella sp. a cell adhesion of 3705 cells/mm? and a surface coverage of 7.5%, while for
Nannochloropsis sp. the average of cell adhesion was 4044 cells/mm? with a 2% of area coverage. For
A. maxima, no significant presence of filaments could be detected on the surfaces (Figure 6i), but the
biofouling observed was approximately 5.33% per mm? of surface. In contrast, microscopic
observations showed that PSBM coated PMMA surface were characterized by a very low cell
adhesion of Chlorella sp. and Nannochloropsis sp. cells being respectively 2 cells/mm? and 222
cells/mm?. PSBM surfaces showed a negligible area coverage being 0.004% for Chlorella, 0.1% for
Nannochloropsis and 0.037% for A. maxima, respectively. Therefore, it was evident that PSBM coated
surfaces display remarkable antifouling properties, against all the model strains here tested.
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Table 1. Average of adhering cell/mm? and area coverage (%/mm?) of the three algal strains (Chlorella sp.,

Nannochloropsis and A. maxima (only area coverage) as determined under Light and Fluorescent microscopy

and Image ] analysis.

Average cells/mm? % Area coverage/mm?

Strains

R uT PSBM R UT PSBM
Chlorella

4500 3705 2 9 7,5 0.004
Nannochloropsis

6063 4044 222 3 2 0.1
A. maxima

N.A. N.A. N.A. 37,72 5,33 0.037

% area coverage
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Chlorella Nannochloropsis A. maxima
PMMA surfaces

ER mUT mPSBM

Figure 3. Graphical representation of area coverage/mm? for each strain on three different types of PMMA surfaces.

Fluorescent microscopy (FM) images (Figure 4) showed, for both the microalgae, a scattered

adhesion pattern on R surfaces (Figures 4a and 4d) while, on UT surfaces, typical aggregates due to

liquid agitation were observed (Figures 4b and 4e). In the case of A. maxima, the images showed

mainly debris traces of filaments attachment on the surfaces (Figures 4g and 4h). Extremely low cell

adhesion and almost no biofilm coverage for all tested strains was observed on the PSBM surface

(Figures 4c, 4f, 4i).
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Figure 4. Antifouling performance of different PMMA surfaces (R on the left, UT in the center and PSBM on the
right) against the three strains as seen under fluorescent microscopy (FM). a-c) Chlorella strain adhesion; d-f)
Nannochloropsis strain adhesion; g-i) A. maxima strain biofilm. The R surfaces are mostly prone to fouling
showing a uniform distribution of adhering cells pattern, while UT PMMA presented typical aggregates for both
microalgae; in the case of A. maxima, the FM images show mostly debris and fingerprints of filaments, but no
attached filaments. Bar is 20 um. The few seen cells on PSBM coated PMMA (c, f and i) are shown by magnifying

indication.

Rough surfaces, as expected, were those that showed the most intense fouling, especially in the
case of A. maxima, with biofilm observed on most of the surface. These findings agreed with
previously reported studies, which suggest that roughness or other irregularities promote microbial
attachment [40]. Besides, the microscopic images of A. maxima show generally debris and biofilm
coverage and, sometimes, fingerprint of the attached filaments, but never real filaments, as already
reported [41—44]. A comparison between R and UT coupons shows that the latter, in early stage of
use, is less prone to fouling and that cell aggregations depend on liquid movement. Very low cell
adhesion and almost no biofilm coverage for all tested strains was observed on the PSBM surfaces.
This data supports, once more, that zwitterionic based coatings can provide a non-fouling
environment due to their ability to maintain a hydration layer, which prevents protein adsorption
reduction and microbial adhesion [45,46].

3.3. Long Term Effectiveness of the PSBM

3.3.1. Biomass Production over Cycles

For all the tested strains, Chlorella sp., Nannochloropsis sp. and A. maxima, biomass yield was
doubled or even more respect the initial weight of >1 g/L. This increase was constant in each cycle.
The average and Standard deviations were calculated over 9 successive cycles. For Chlorella sp., the
gain in biomass across tribological cycles was found to be 2.45 + 0.40 g/L, and for Nannochloropsis
sp., the gain was 2.25 + 0.38 g/L, while for A. maxima was 2.09 + 0.35 g/L.

3.3.2. Antifouling Performance of Strains Through Tribological Approach

The antifouling performance of PSBM coated surface was analyzed over multiple (9) cycles and
compared to that of UT PMMA. The results obtained clearly shows that the PSBM led to a remarkable
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reduction of cell adhesion with respect to UT PMMA . Furthemore, along the cycles, only a light
increment of attached cells was observed which, on the contrary, was consistent on UT. Surface
resistance to biofouling was slightly variable when compared against the three different strains
Chlorella sp., Nannochloropsis sp. and A. maxima. Results are reported in the Tables 2, 3, Figures 5a
and 5b and Figure 8. As shown in Table 2, on UT PMMA, the number of cells increased along the
cycles. In fact, cell counts were at beginning 763 cells/mm? and 525.93, respectively for Chlorella and
Nannochloropsis, while at the end were 3,861 and 3,768.52 cells/mm?, respectively. On the other
hand, PSBM-coated PMMA demonstrated good antifouling behaviour with low and consistent cell
counts from Cycle 2 (7 and 10 cells/mm?) to Cycle 10 (23 and 100 cells/mm?).

Table 2. Antifouling performance of UT vs PSBM surface for Chlorella sp. and Nannochloropsis sp. expressed as

no. of cells/mma?.

UT PSBM
Cell/mm?
No. Chlorella  Nannochloropsis ~ Chlorella ~ Nannochloropsis
Cycles
2 763 525.93 7 10.19
3 970 618.52 8 10.19
4 1118 840.74 12 9.26
5 1370 963.89 11 26.85
6 1677 2495.37 12 33.33
7 2196 2515.74 16 44.42
8 2885 2700.93 16 48.15
9 3481 3554.57 22 70.37
10 3861 3768.52 23 100.93

The logarithmic trends of biofouling on UT PMMA and PSBM surfaces for the two strains, along
nine cycles, are reported in Figures 5a and b. These clearly show that the PMMA is more prone to
fouling than the PSBM treated PMMA.
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Figure 5. Log of adhering cells/mm?2 of Chlorella sp. (a) and Nannochloropsis (b) on the UT surface (control) vs
PSBM surface along 9 tribological cycles.

Regarding the extent of biofouling observed on UT PMMA vs PSBM, as summarized in Table 3
and Figures 5, it is evident that the PSBM coating significantly reduced cell adhesion across all cycles.
This finding aligns with the antifouling performance observed in the previous sections, highlighting
the superior resistance of PSBM against biofouling, particularly with Chlorella sp. and Nannochloropsis
sp. The consistency of these results across multiple cycles further supports the long-term effectiveness
of PSBM coatings in preventing biofouling.

Table 3. Comparison of percentage of area coverage/mm? for Chlorella, Nannochloropsis and A. maxima on UT
PMMA and PSBM surface.

Chliorella Nannochloropsis A. maxima

No. cycles UT PSBM UT PSBM UT PSBM

2 152 0.014 0.17 0.0032 8.78 0.218
3 1.94  0.016 0.19 0.0032 10.48  0.489
4 223 0.024 0.26 0.0029 10.68  0.885
5 274  0.026 0.30 0.0084 9.37 1.685
6 335 0.024 0.78 0.0105 9.74 1.244
7 439  0.032 0.79 0.0140 2522 2.026
8 577  0.032 0.85 0.0151 1926  1.752
9 6.69  0.044 1.11 0.0221 34.04 2204
10 772 0.046 1.18 0.0317 4470  3.481

The comparation of surface covered by debris and biofilm due to A. maxima growth on untreated
PMMA surfaces vs those coated with PSBM is reported in Figure 6. The results show that the PSBM
coating effectively resisted biofouling for nine cycles, maintaining minimal coverage by A. maxima.
In contrast, the untreated PMMA surface experienced significant biofouling, with a high area covered
by A. maxima.
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Figure 6. Graphical representation of area covered by A. maxima on UT PMMA surface vs PSBM surface.

The data obtained show that advanced surface coating technologies such as the PSBM
antifouling coating on PMMA can significantly enhance wear resistance and durability of a given
material. The tribological approach shows the importance of testing antifouling coatings, such as
PSBM, under environmental and prolonged exposure circumstances to determine the coating
durability and performance over multiple utilization cycles [47,48]. In our opinion, this study
represents an important step in this direction showing the need to test the durability and performance
of PSBM surfaces in repeated biofouling cycles to assess coating integrity and antifouling efficacy
during multiple mechanical and environmental challenges [49].

4. Conclusions

In conclusion, our study demonstrates that the sulfobetaine-zwitterionic PMMA (PSBM) was
effective in:

a) mitigate the biofouling due to the three photosynthetic strains considered as model: Chlorella sp.,

Nannochloropsis sp. and A. maxima,

b) maintenance of optical transparency
c) surface protection against wear.

Thus, the use of PSBM coating can contribute to lowering maintenance costs, increasing reactor
lifespan, and to increasing overall productivity by reducing biofouling and maintaining reactor
efficiency.

This study provides significant findings to advance the development of more sustainable and
biocompatible alternatives to conventional antifouling treatments in industrial and biotechnological
applications against biofouling, addressing an important lack of data in literature within the long-
term assessment of antifouling coatings.
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