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Abstract

Biofilm formation of Chlorococcum sp. and mixotrophic algae was examined on different supporting materials, which were
placed in horizontal and vertical position. Chlorococcum sp. and mixotrophic algae were cultivated in modified BG-11 and
primary settled wastewater, respectively, for a period of 16 days. The highest attachment of Chlorococcum sp. was 49.5
and 32.0 g/m? for the patterned plexiglas, in horizontal and vertical orientations, respectively. In case of mixotrophic algae,
biomass attachment was 15.4 g/m? with patterned plexiglas in horizontal position and 38.7 g/m* with plexiglas in vertical
position. The protein content of attached Chlorococcum sp. in horizontal orientation was increased from 35.8 to 69.3%.
Physicochemical properties of the materials and microalgae were also examined. In all cases, the plexiglas or the engraved
plexiglas performed better, despite the difference of the hydrophobicity of the two microalgae tested. Orientation of materials

also played a crucial role in the attachment process.
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1 Introduction

Microalgae are photosynthetic microorganisms with a vari-
ety of biotechnological applications such as wastewater
treatment, production of biofuels, and bioproducts [1, 2].
Algae can assimilate nitrogen and phosphorus, which are
found in wastewater, minimizing their consumption in water
ecosystems [3, 4]. They are also plenty of lipids, proteins,
and carbohydrates making them promising for biofuel pro-
duction, feedstock, fertilizers, and cosmetics [5—7]. Due to
the above properties, efficient methods for algal culturing
and processing are receiving increasing attention. Attached
microalgae cultivation can overcome the high cost and
energy requirements arising from conventional suspended
systems [8].

In such systems, the supporting material is immersed in
a container that promotes the growth of microalgae [9, 10].
Attached microalgal systems can be classified according
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to their position in horizontal and vertical-oriented [5]. de
Assis et al. (2019) [11] tested horizontally placed cotton,
nylon, and polyester surfaces in reactors and reported an
algal productivity of 50.12 g/m? with the polyester, after
32 days. Coral velvet gave a productivity up to 8.1 g/m*.d
in a vertical algal biofilm raceway pond using wastewater
[12], while cotton cording in a rotating algal biofilm reactor
(RABR) system treating wastewater achieved 31 g/m?.d [13]

Until today, various types of supporting materials have
been studied such as metals (e.g., stainless steel, titanium),
polymeric materials (e.g., plexiglas, PVC) [10, 14], natural
polymers (e.g., cotton, cork) [15], and lignocellulosic mate-
rials (pine sawdust, rice husk) [16]. All the above materials
have different textures, roughness, and surface properties.
In the literature, the prevailing opinion is that hydrophobic
materials are the ones that will have the best performance in
terms of biomass adhesion and that micropatterning surface
can boost their performance [17, 18].

The attachment mechanism for each organism group
differs from one to another; however, the whole process
can be summarized in two steps: initial algal cell adhesion
and biofilm thickening. During the first step, surface prop-
erties such as hydrophobicity, surface texturing, and sur-
face energy play important role [19, 20]. The second step
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is more connected to the properties of algal cells, which
can either actively move towards the conditioned surface
by mobility or they can be transported gravimetrically or
conventionally. After the transport, cells can spontane-
ously be attached on the surface of the material. The initial
attachment is irreversible, if not influenced by exogenous
factors. Exopolymeric substances (EPS) are secreted, aid-
ing the binding of biofilm layers [21, 22]. Biofilm forma-
tion is mainly based on the initial adhesion of cells to a
surface [5]. However, the whole process of biofilm forma-
tion can be dramatically affected by environmental and
operational factors.

In addition to substrate type, the strain of microalgae has
a crucial role in the whole process. Algal species present
different characteristics and behaviors. For some algae, solid
supports are more favorable for cultivation, while others pre-
fer to grow suspended in the liquid [23]. For example, the
best surface, among different materials tested, for Botryo-
coccus braunii and Scenedesmus rubescens adhesion was the
plexiglas yielding biofilm production after 16 days of 35.0
and 28.3 g/mz, respectively [15, 24]. In the literature, there
are only few reported cases for the comparison of support-
ing materials using wastewater as substrate and mixotrophic
algae [12, 25-27].

The objective of this study was to enhance the under-
standing of the factors influencing the formation and devel-
opment of algal biofilm, in order to facilitate the scale up of
biofilm reactors. More specifically, the biofilm formation of
Chlorococcum sp. was cultured in modified BG-11 medium
and mixtrophic algae cultured in primary treated wastewater
using various supporting materials. Eleven materials were
tested for Chlorococcum sp. and eight for mixtrophic algae.
The coupons were placed in vertical and horizontal position,
grown in synthetic medium and wastewater. Both microalgae
were examined for their biocompounds like total proteins,
carbohydrates, and lipid.
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Fig. 1 Experimental set-up
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2 Materials and methods
2.1 Algal cultures

Chlorococcum sp. (SAG 22.83) was obtained from the
Sammlung von Algenkulturen der Universitdt Gottingen
(Culture Collection Algae at Gottingen University) bank
(SAG). Algal precultures were prepared with modified 1/3 N
BG-11 medium (Blue Green-11 enriched with one third
times the nitrates concentration) in 1-L Erlenmeyer flasks.
The flasks were illuminated by fluorescent lights (22 pmol/
m?s) with constant aeration (3.5 L/min) and were placed in
a walk-in incubator room under controlled environmental
conditions at 20 °C. Mixotrophic microalgae were collected
from a tank, which was periodically fed with raw wastewater.
A sample was transferred in a 20-L bottle, fed with sewage,
and then placed in a walk-in incubator room. Identification
of microalgae was carried out by microscopic analysis, using
an optical microscope (model DMLB, Leica Microsystems
GMBbH, Germany). The classification of species was based
on taxonomic observations by Canter-Lund (1996) [28] and
the work on taxonomix character by Temponeras et al.(2000)
[29].

2.2 Biofilm reactors

The experiments were carried out using materials placed
in horizontal and vertical orientation. The horizon-
tal system consisted of six rectangular reactor vessels
(26.5%18.4x4.5 cm L X W X H each). The vertical system
consisted of two vessels (28 x22x 10 cm L X W X H each)
(Fig. 1). Eleven materials, stainless steel, silicone rubber,
plexiglas, glass, denim, sponge towel, cork, geotextile, and
three different-patterned plexiglas (plexiglas 1 to 3) were
used for the examination of Chlorococcum sp., while for the
mixotrophic cultures, eight materials were used and were
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selected based on their low cost, availability, and diversity
in texture. Plexiglas coupons were etched in three different
ways. Plexiglas 1 had horizontal parallel grooves with 1 mm
depth and 1 mm width, plexiglas 2 had horizontal and ver-
tical grooves, and plexiglas 3 had horizontal and diagonal
grooves. More details can be found in an earlier work of our
team [24]. The various surfaces tested were cut in rectan-
gular coupons (7.4 X 2.4 X 0.1 cm, L X W x H). After the
coupons were rinsed with deionized water and placed into
the oven at 44 °C for 2 days, the coupons were weighted.
Eight coupons of each material were placed into the biore-
actors and two coupons removed each sampling day. Chlo-
rococcum sp. inocula was prepared from stock cultures by
appropriately diluting them with 1/3 N NO; BG-11 to obtain
an initial total suspended (TSS) concentration of 240 mg/L.
The suspension was then poured on the top of the coupons.
Every 4 days and for a period of 16 days, coupons were
removed, using tongs and rinsed by gently shaking on the
spot. Mixotrophic inocula was prepared from a 20-L bottle,
placed in the walk in incubator, diluting with primary set-
tled wastewater in order to obtain an initial TSS concentra-
tion of 30 mg/L. This suspension was then transferred into
the reactors. The liquid of the reactors was recirculated at
a flow rate of 2 mL/min using a peristaltic pump (Master-
flex L/S 7519-85, Cole Pamer Instrument, Co., USA). Two
fluorescent lamps were placed above the reactors providing
illumination of 100 pmol/ m?s. In each experiment, a blank
reactor without coupons was used.

2.3 Monitoring

Every 4 days, a total sample of 100 mL was collected from
the reactors with Chlorococcum sp. and 250 mL from the
reactors containing mixotrophic algae, in order to perform
characterizations. In the first case, the liquid removed was
replaced with 100 mL distilled water, and in the second, with
250 mL of sewage. To characterize the algal biomass in the
suspended culture, TSS and chlorophyll-a (chl-a) were deter-
mined according to standard methods [30] using a 0.45-pm
filter. pH was measured with a pH-meter (pH 300/310, Oak-
ton Instruments, Singapore). The optical density of algal cul-
tures was measured at 650 nm with a UV-Vis spectropho-
tometer (U-1100, Hitachi, Japan). Turbidity was measured
by the nephelometric method with a laboratory turbidimeter
(2100AN IS, HACH Company, USA). In addition, the free
algal cell concentration was determined with a Neubauer
hemocytometer (0.1 mm, 0.0025 mm?, Optic Labor, Ger-
many) after algae staining with Lugol’s solution in order
to separate dead from live algae. Anion concentration was
determined using ion chomatography (Metrohm 850 Pro-
fessional IC, Metrohm AG, Switzerland). Total phospho-
rus (Total-P) was determined by the ascorbic acid method
after digestion of the sample with ammonium pelsulfate.

The absorbance was measured at 880 nm with a spectro-
photometer (U-1100, Hitachi, Tokyo, Japan) [30]. Chemical
oxygen demand (COD) was measured by the open reflux
method. The soluble fractions of COD (sCOD) and Total-P
(sTotal-P) were determined by passing the sample through
a 0.45 pm pore size membrane filter. Ammonia nitrogen
(NH;-N) was determined by the titrimetric method using
the macro-Kjeldahl procedure [30].

The experiments were conducted in duplicate, and the
data were shown as mean + SD (standard deviation). Data
were analyzed and plotted by IGOR Pro (WaveMetrics, Inc.,
USA).

2.4 Wastewater

The wastewater were collected from the wastewater treat-
ment plant (WWTP) of the University of Patras Campus
at Rio, Greece. After sampling, wastewater was allowed to
settle for 24 h. Then, the samples were stored in polyethyl-
ene vessels and stored in a freezer at —4 °C. The wastewater
were defrozen before each experiment. The mean concen-
tration of main physicochemical characteristics of settled
wastewater is presented in Table 1.

2.5 Characterization of biomass

The algal biofilm productivity (g/m?) was calculated as
follows:

Algal biofilm productivity = (M, — My)/A, (1)

where M, and M, are the dried mass of the tested coupons
harvested at days (¢) and before cultivation, respectively, and
A,=0.00177 m? is the surface of each tested coupon.

The procedure for measuring total proteins was followed
according to a modified Lowry method, using bovine serum
albumin (BSA) as the standard [31, 32]. The optical den-
sity (OD) of samples was measured at 540 nm. The total

Table 1 Characteristics of primary treated wastewater

Characteristic Concentration
pH 7.6
Conductivity (uS/cm) 1664 +25
Turbidity (NTU) 76.1+5.3
COD (mg/L) 214+7

TSS (mg/L) 105+23
ODgs, (-) 0.173+0.015
NO;™-N (mg/L) 0.9+0.5
Total-P (mg/L) 9.85+0.5
sTotal- P (mg/L) 0.33+0.01
NH;-N (mg/L) 23.5+4
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carbohydrate content was determined by the phenol—-sul-
furic method [33], and the absorbance was measured at
484 nm using a glucose standard curve. To determine the
biofilm or EPS production (proteins and carbohydrates),
on the coupons, the harvested cells were washed with de-
ionized water and then biomass was placed into an oven
at 44 °C. The above procedure was only applied to cou-
pons in horizontal orientation for Chlorococcum sp., as
they were the only ones with sufficient attached biomass.
The lipid content of the dry algal biomass was measured
by the modified method of Folch et al. (1957) [34, 35].
The zeta potential of the algal cells was determined using
a Zetasizer (Nano ZS, Malvern, UK). A volume of 1 mL
of the algal culture was used, and zeta potential measure-
ments were performed for at least three times. The pH of
the cell suspensions was adjusted by the addition of HNO,
or NaOH.

2.6 Surface properties and hydrophobicity
determination

The hydrophobicity of the materials was estimated by the ses-
sile drop test. First, it is necessary to make three independent
contact angle measurements with three probe liquids whose
surface energy components are known. Using the three equa-
tions below, surface energy can be calculated:

(1 + cos 9)yL=2\/Y§W'YfW+\/Y;r'YE"‘\/Ys_'YE

@)
1P =247 3)
o= @+ %)

where, 6 is the measured contact angle. The subscripts of s
and [ refer to the solid surface and probe liquid respectively.
The Lifshitz-van der Waals/acid—base method is expressed
as Eq. (2) and in this approach, surface free energy is
decomposed into Lifshitz-van der Waals component (y-V)
and Lewis acid—base component (y*B) that is consisted of a
Lewis acid componenent (y") and a Lewis base component
(vy7) [36-38].

The contact angle of algal cells was measured in the
same way. In order to create flat layers, highly concentrated
suspensions were filtered through a nitrate cellulose mem-
brane, (0.45 pm pore size, 47 mm diameter, Whatman). The
methodology has been described in detail in previous work
[15]. According to the extended DLVO theory, the degree of
hydrophobicity of materials is also determined via free energy
cohesion (AG_,,), using the water surface tension parameters
according to van Oss et al. (1988) [39], shown in the follow-
ing equation.
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A negative value of AG_,, indicates hydrophobicity and

a positive indicates the opposite (Hao et al. 2017) [37].

2.7 Scanning electron microscopy

The formation of Chlorococcum sp. and mixotrophic algae
biofilm on the surface of coupons was studied by scanning
electron microscopy (SEM) analysis (microscope JEOL
6300, JEOL Ltd.). A small surface of coupon (1x 1 cm?)
with attached algae (dehydrated in an oven) was glued to
SEM stubs with colloidal silver and sputter-coated with
gold—palladium using a gold ion sputter coater (JEOL,
JFC1100 Fine Coat). The samples were examined with
SEM operating at 20 kV. For each sample, at least four
fields were observed at different magnifications between
250 and 1000 .

3 Results and discussion
3.1 Microalgae identification

The microalgae identified in mixotrophic cultures in the
horizontal and vertical reactors are presented in Table 2.
The algal species involved varied with the two orienta-
tion schemes examined, and this was probably due to the
prevailing conditions. Microalgae derived from the stock
culture were identified befrore each culture and found out
that the starting species were the same for both horizontal
and vertical culture. According to Palmer (1969), the spe-
cies with the most frequency of occurrence in wastewater
are Chlorella, Ankistrodesmus, Scenedesmus, Euglena,
Chlamydomonas, Oscillatoria, Micractinium, and Golen-
kinia [40]. In our stock, the microalgae species of Chlo-
rella sp., Chlorella vulgaris, Scenedesmus obliquus, Chla-
mydomonas sp., Euglena gracilis, and Oscillatoria were
identified.

Generally, Scenedesmus obliquus is unicellular green
algae, while Scenedesmus quadricauda commonly
occurs in four-cell colonies that approach 100 pm in
diameter [41]. According to Prescott (1973), Scenedes-
mus quadricauda is characterized by its oblong cylin-
drical cells usually in one series and outer cells with
long curved spines at each pole and the inner cells
without spines [42]. The cell shapes and arrangement,
cell length and width, details of the outer cells, and the
shape and length of the spines were mainly used as the
main diagnostic features in species delineation. Micro-
algal cells were observed also, by SEM analysis (data
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Table 2 Identification of

X . - . Species Stock Vertically oriented Stock Horizontally oriented experi-
microalgae in mixofrophic culture  experiment culture  ment
cultures
Biofilm Blank Biofilm reactor ~ Blank reactor
reactor reactor
Chlorella sp. \/ \/ \/

Chlorella vulgaris
Scenedesmus quadricauda
Scenedesmus obliquus
Chlamydomonas sp.
Euglena gracilis
Desmosedesmus sp.

Chlorococcum sp.

A

Scenedesmus sp.
Nitzschia palea
Uronema sp.
Ulothrix variabillis
Staurastrum sp.
Pinularia sp.
Navicula sp.

Plagiotropis ap

LU

A N N
<.
<

A N G
<<

T X
<

not shown). On the other hand, Chlorella sp. concern
Chlorella species, which is represented by 60 different
strains. The characteristic bristles are important spe-
cies-specific characteristics of the genus Chlorella vul-
garis [43]. The recognition was done during the whole
period of 16 days. This means that Chlorella may have
been found in the beginning of the experiment and in
the last few days or in the meantime Chlorella vulgaris
may have also been found.

Over time, the species that dominate into biofilm bio-
reactors, changed into macroalgae, in which many pro-
tozoa and crustaceans also coexisted. For example, in
vertical cultures, the protist Paramecium caudatum was
spotted, while in horizontal cultures, Euplotes sp. and
Amoeba proteus were identified. Some of the microalgae
detected in stock cultures did not continue their growth
in the bioreactors with coupons or in the blank reactors.
Additionally, we can observe different species grown
in horizontally and vertically oriented biofilm reactors
compared to blank reactors. The explanation behind
is that in biofilm reactors, which contained materials,
microalgae in order to get attached, they had to secrete
EPS in synergy with bacteria.

So the conditions were different from the blank containers
and the development of other microalgae was proportional.
Numerous studies employing different culturing techniques
with the same strain, giving different results [44]. In the case
of horizontal coupons, many diatoms made their appereance
(Table 2).

3.2 Biomass growth and nutrient removal

Figure 2 shows the culture parameters, such as pH, ODy;s,
and cell concentration during the cultivation period. Prior
to sampling, the liquid of the reactors was gently stirred.
The pH values fluctuate over time from 8.6 to 10.9 for Chlo-
rococcum sp. and from 7.9 to 10.1 for mixotrophic algae
(Fig. 2a, b). The pH of the culture medium is greatly affected
by the dissolved inorganic carbon and vice versa. Also, the
pH of the liquid in mixotrophic cultures was lower compared
to the pH of Chlorococcum sp. cultures. This was due to the
neutral pH of wastewater (pH=7), and specifically in the
beginning, where the concentration of mixotrophic micro-
algae was low (30 mg/L). It has been also reported that pH
may also vary, depending on the the type of the substratum
materials [1].

The optical density showed an increasing trend in all
cultures, with the smallest change being observed in the
vertical-oriented mixotrophic culture (Fig. 2¢, d). The same
trend was also repeated with the cell concentration; however,
there was a higher increase in blank containers and this is
justified, as biomass was adhered to surfaces (Fig. 2e, f).
Nitrogen and phosphorus compounds are known to be the
main nutrient sources for algal growth. Figure 3 shows the
concentration of nutrient during cultivation. In Chlorococ-
cum sp. cultures, nitrates were gradually consumed, while in
mixotrophic cultures, nitrate concentration was already low
in the beginning of the experiment. EPS secretion is affected
directly by the nutrient availability, aiding the enhancement
of algal attachment. In the case of Chlorococcum sp., the
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Fig.2 Cultivation of Chloro-
coccum sp. and mixotrophic
algae in different oriented
surfaces. Variation of a pH of
Chlorococcum sp., b pH of
mixotrophic algae, ¢ ODgs, of
Chlorococcum sp., d ODgs,

of mixotrophic algae, e cell
concentration of Chlorococcum
sp., and f cell concentration

of mixotrophic algae in the
liquid of reactors. The values
represented the mean + standard
deviation (SD) (n=2)
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== Mixotrophic algae horizontal blank == Mixotrophic algae vertical blank

increase of biomass is greater due to higher nitrate concen-  while in the other cases (Chlorococcum sp. in vertical

tration in the medium.

orientation and mixotrophic algae in both orientations)

Phosphates were gradually consumed during the cul-  reached zero values by day 4 (Fig. 3c, d). Total-P concen-
tivation of Chlorococcum sp. in horizontal orientation,  tration in the liquid was below 5 mg/L, while in the 1/3 N
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BG-11, it was below 8 mg/L (Fig. 4a, b), while sTotal-P
concentration was below 2.6 mg/L.

The COD concentration of the primary settled
wastewater was around 200 mg/L. In the case of blank,
the assimilation of COD was lower, because in addi-
tion to microorganisms, which exist in the wastewater,
algae that are attached on coupons aid the process.
Zhang et al. [12] reported that the removal of total
nitrogen and phosphorus was enhanced by the action
of heterotrophic microorganisms. When COD was
sharply decreased, the concentration of total nitrogen
and total phosphorus was also rapidly dropped. After
the stabilization of COD concentration, the removal
of nutrients, as well as the growth of biofilm on coral
velvet with synthetic wastewater, slowed down. COD,
total nitrogen, and total phosphorus removal reached
values of 86.6%, 73.7%, and 89.9%, respectively [12].
In our experiment, the sCOD concentration reached
values close to 55 mg/L for all cases in mixotrophic
cultures on the 16th day.

Algal cells commonly prefer NH;*-N for growth, because
less energy is needed during ammonium assimilation and
this may affected the high decrease in NH;-N in both cases
of mixotrophic cultures by 4th day (Fig. Sa, b). This was also
observed by Ge et al. [45].

Figure 6 presents the concentration of chlorophyll-a in
the liquid of reactors. During Clorococcum sp. cultivation,
the chl-a concentration is similar for both orientations and
on the 16th day, it is 452 and 552 mg/m? for horizontal and
vertical reactors, respectivelly. Mixotrophic algae presented
lower chlorophyll-a values and on the 16th day, chl-a was
around 320 mg/m? in both orientations.

3.3 Biomass characteristics

The lipid content increases during cultivation, reaching
13.0% in both orientations for Chlorococcum sp. and
14.3% (horizontal) and 13.1% (vertical) for mixotrophic
algae on day 16 (Fig. 7). The content of total proteins in
the liquid is higher in Chlorococcum sp. in both cases,
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while in mixotrophic algae, the protein content is lower
(Fig. 8a). Zang et al. reported higher lipid content (23.3%)
and lower protein content (36.7%) testing a mixed micro-
algal culture in a biofilm photobioreactor, using pine saw-
dust as a substrate and synthetic water [6]. Total proteins
were increased during cultivation, reaching up to 82%
for Chlorococcum sp. in horizontal position, while mixo-
trophic algae, in horizontal position reached up to 37.3%
(Fig. 9a) by day 16. As far as it concerns the total car-
bohydrates content, Chlorococcum sp. begun with 6.6%
in both orientations and reached 3 and 2% for vertical
and horizontal orientation, respectively, on day 16. On the
contrary, mixotrophic algae contained 1.1% at the begin-
ning and at the end of cultivation the content reached 2.7%
for both orientations (Fig. 9b). The total protein content
of the suspended biomass was found to be significantly
higher than the content of total carbohydrates and lipids.
The algal concentration in mixotrophic cultures was low
compared to Chlorococcum sp. cultures. As the mix-
otrphic cultures contained bacteria and protozoa, which
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have lower lipid content compared to algae, a lower lipid
content of mixotrophic cultures is expected [6].

Biofilm is a well structured microalgal community,
in which cells are entrapped in a matrix of self-pro-
duced EPS. This is a process which is species-depend-
ent and complicated [21]. Cells and solid surfaces are
binding together via biofilm, which consists mainly of
proteins, carbohydrates, and lipids. Between the four
cases examined, the ability to recover sufficient bio-
mass, in order to analyze total proteins and carbohy-
drates, was possible only in the case of Chlorococcum
sp. from few materials tested in horizontal orientation.
Biomass was only recovered from stainless steel, plex-
iglas, plexiglas 1, plexiglas 2, and plexiglas 3 materi-
als. We observed an increase of total protein content
during time. More specifically, with plexiglas total
proteins on day 8, started at 35.8% and reached on day
16, 69.3% (Fig. 9a), while stainless steel started from
17.4% and reached 55.9% after 16 days. The best mate-
rial in terms of biomass adhesion was plexiglas 1, and
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Fig.5 Concentration of NH;-N
and COD in the liquid of mixo-
trophic cultures. Variation of

a NH;-N of mixotrophic algae
horizontal b NH;-N of mixo-
trophic algae vertical, ¢ COD of
mixotrophic algae in horizon-
tal and vertical orientation d
sCOD of mixotrophic algae in
horizontal and vertical orienta-
tion. The values represented the
mean + standard deviation (SD)
(n=2)

Fig.6 Chl-a concentration in
the liquid of a Chlorococcum
sp. and b mixotrophic cultures.
The values represented the
mean =+ standard deviation (SD)
(n=2)
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the content in total proteins was 65.3% (Fig. 9a). The
total carbohydrate content of algal cells was decreased
over time for all plexiglas materials (Fig. 9b). Plexi-
glas and plexiglas 3 started both from 5.9% and on
day 16 reached 2%. Stainless steel started from 2.7%
in the beginning and gave 3.2% at the end of cultiva-
tion. Compared to the suspended culture, the biofilm
had lower content in proteins and carbohydrates. How-
ever, the total protein and carbohydrate contents were
greater in Chlorococcum sp. cultures, where BG-11
medium was used, in contrast to mixotrophic cul-
tures, using wastewater. Shen et al. examined the EPS
concentration of Botryococcus braunii in wastewater
and in modified basal medium (MB) on polyethylene
foam at day 16 and found out 2936 mg/m? for the first
medium and 3770 mg/m? for the latter [46]. While
examining single-species biofilm, it is easier to adjust
the parameters of the cultivation such as the culture
period, the culture volume, pH, and initial concentra-
tion of total nitrogen [21]. Inversely, while examin-
ing multiple-species biofilm, the study becomes more
complex, as the interaction between microalgae and
bacteria prevailing from mutualism to parasitism is
governed by the secretion of organic matter that is
released [47]. This is also why we observe a big dif-
ference in mixotrophic algae cultivated on horizontal
and vertical surfaces (Fig. 10).
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O Mixotrophic algae vertical

3.4 Biomass productivity on different surfaces

The algal biofilm productivity with different materials
as substratum is shown in Fig. 11 and Table 3. The small
standard deviation demonstrated a good stability and repro-
ducibility of the results. Vertical biofilm systems for algal
cultivation are proposed, which have a smaller footprint
compared to horizontal [48]. Accoding to Sukacova et al.
the footprint area determined for a geotextile-based (ver-
tical system) and concrete slab biofilm system (horizontal
system) ranges between 2.3 and 2.6 m? and 2.9 to 3 m? per
person equivalent, respectively [26].

Comparing biomass production between the two tested
species, it is observed that Chlorococcum sp. presented
higher productivity in both orientations. As it is seen, the
nitrogen concentration significally affected cell growth
(Figs. 2 and 3). More specifically, on day 16, plexiglas 1
had the highest productivity up to 49.5 g/m?, followed imme-
diately by plexiglas with 48.4 g/m? in horizontal orientation.
In vertical position, at the end of cultivation, again, plexiglas
1 was the most efficient material, giving 32.1 g/m?, while
in the next three in order materials were the two engraved
plexiglas and the simple plexiglas, with very close values
(29.1 to 31.2 g/mz). The worst material in terms of perfor-
mance was the cork in both orientations, while denim and
steel did not sustain the attachment at the end of cultivation.
The production of microalgae in the horizontal coupons was
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slightly higher and this is because gravity helped the cells to
be adhered on surfaces, without this meaning that microal-
gae were not selective for some specific materials. This was
also the reason why we obseved variation of the attachment
in all materials, while in vertical orientation, some material
did not show any adherence at all. Orfanos and Manariotis
(2019) tested cotton textile and polyethylene in an open pond
using secondary effluent wastewater and reached 1.38 g/m?.d
and 0.49 g/m>.d, respectivelly [25]. In the case of mixo-
trophic algae, fewer materials were tested. The best-perform-
ing materials, both in horizontal and vertical orientations,
were the plexiglas and the engraved plexiglases. In horizon-
tal orientation, plexiglas 3 presented the highest productivity
with 15.4 g/m? after 16 days, while in the vertical orien-
tation, it reached up to 30.9 g/rnz. In vertical orientation,
the highest attachment was observed by plexiglas reaching
38.7 g/m?. Although in horizontal orientation, algal biomass
was shown to adhere on the surface of silicone rubber, cork,
and spongue towel, a positive difference in weight was not
measured on day 16. This is also shown in the SEM images

3 Chlorococcum sp. vertical
O Mixotrophic algae vertical

(Figs. S1, S2) and does not mean that microalgae were not
attached onto surfaces. Either the material was corroded and
the fibers were lost or degraded by microorganisms. This
phenomenon is intense in the case of denim in both orienta-
tions, where there is no value of biofilm productivity but the
SEM illustations indicate the opposite (Figs. S1, S2). By
day 4, the formation of micro-colonies is obvious. Unlike
Chlorocococcum sp., in mixotrophic algae, the vertical ori-
entation proved to be better in terms of productivity. This is
justified, because the sample contains many heterotrophic
microorganisms, where they take advantage of the shadow
between the coupons surface to grow up.

3.5 Physicochemical properties and cell
interactions

The surface properties were determined using the approach
of van Oss et al. (1988), where the contact angle, which
was used for the determination of hydrophobicity, was that
of water [15]. Table 3 shows the water contact angles of all
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materials and microalgae used. Based on the measured angle
values, the surface energy was also calculated. It is observed
that hydrophobic materials have a lower energy surface,
while hydrophilic ones have a higher value. Indicatively,
the surface energy of plexiglas was 35.0 mJ/m? and of the
sponge towel 70.9 mJ/m2. The binding capacity of a surface
is greatly affected by its characteristics such as proton-active
carboxylic, phosphoric, phosphodiester, hydroxyl, and amine
functional groups on cell surfaces [49]. More information
about values of contact angles, Lifshitz-van der Waals com-
ponent, and Lewis acid and base component are given in our
previous work [15, 24].

Additionally, the free energy of a material immersed in
water is expressed as AG. Higher contact angles were meas-
ured for microorganisms presenting more hydrophobic sur-
faces (AG < 0) [20]. When AG > 0, surfaces are hydrophilic,
like denim, sponge towel, and glass (Table 3). Between the
Chlorococcum sp. and mixotrophic cultures, we observe that
Chlorococcum sp. is quite hydrophobic in contrast to mixo-
trophic algae that tend to be hydrophilic. Hydrophobicity
is considered one of the most important factors of cellular
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16 days

surface properties. Materials with high hydrophobicity have
been reported to enhance algal attachment.

As shown in Table 4, both cultures are negatively
charged with zeta potential ranging from —38.0 mV on
day 0 to—28.0 mV on day 16 for Chlorococcum sp., while
for mixotrophic algae, zeta potential ranged from —13.5
to—19.7 mV for days O and 16, respectively. Functional
groups like hydroxyl (-OH), carboxyl (-COOH), and amine
(-NH,) influence the surface charge of the material. The lat-
ter combined with the pH of the culture media affects zeta
potential values. When cells are exposed to low pH values,
functional groups are protonated and on the contrary, when
cells are exposed to high pH values, functional groups are
deprotonated. Since the pH of the medium measured when
the samples were collected was high, propably, the func-
tional groups on the microorganisms surface were deproto-
nated, so this is the reason why negative values are observed
[50]. The mean diameter of algal cells is also presented in
Table 4. Indicatively, the variation of zeta potential at dif-
ferent levels of pH was examined for mixotrophic algae for
days 0 and 16 (Fig. 10). We did not observe any significant
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Fig. 10 Zeta potential of mixotrophic algae at day 0 and 16 under
various pH. The values represented the mean+standard deviation
(SD) (n=2)

difference between different pH or between 0 and 16 days.
Zeta potential values less than — 15 mV typically represent
the beginning of particle agglomeration.

The strains examined in this study proved that in all cases,
plexiglas or engraved plexiglas was the best adhesive mate-
rial. The whole process is also affected by the hydropho-
bicity of the microalgae. However, as we can observe in
Table 2, Chlorococcum sp. as an hydrophobic algae should
have been adhered to a hydrophilic material and, on the
contrary, mixotrophic algae should have been adhered to a
hydrophobic. According to the literature, during their initial
attachment, the strains should choose materials contrary to
their hydrophobicity to minimize the contact between the
cells and the water. Indeed, mixotrophic algae attached bet-
ter on hydrophobic materials, and so Chlorococcum sp. did,
although it is hydrophobic. However, in the case of vertical
coupons of Chlorococcum sp., all plexiglas materials had
better performance, but the next best material was sponge
towel among the rest hydrophobic materials.

Although in previous research work, hydrophobicity has
been considered one of the main factors which contribute to
biofilm formation, it is not enough to derive certain results
for the performance of a material. Many abiotic factors such
as pH, temperature, or CO, supply affect the process, as

Fig. 11 Biomass productivity 70
of Chlorococcum sp. and mixo-
trophic algae in horizontal and
vertical surfaces. The values
represented the mean + standard
deviation (SD) (n=2)
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Table 3 B iofilm prgductivity Material Biofilm productivity Contact angle Surface AG g,
and ph}fsmo; chetml.calll surgace (¢ /m?) free
fgi};zl;fge;eo materials an energy, vs
Chlorococcum sp. Mixotrophic algae
Horizontal Vertical Horizontal Vertical 6(°) (mJem™?)  (mJem?)
Cork 3.11 0 0 0 57.1+2.1 46.2 -13.2
Silicone rubber 334 7.24 0 8.48 66.4+2.5 39.5 -20.6
Plexiglas 48.4 29.9 12.9 38.7 709+2.8 35.0 —-223
Stainless steel 28.2 0 - - 492+14 50.6 —6.00
Denim 15.6 0 0 0 <2 71.3 3.02
Sponge towel 19.9 11.9 0 0 <2 70.9 3.74
Glass 24.5 1.80 - - 299+2.7 62.4 1.37
Geotextile 12.1 3.79 - - 89.9+2.2 28.0 —44.9
Plexiglas 1 49.5 32.1 13.6 30.5 71.5+1.4 37.5 —28.8
Plexiglas 2 40.2 31.2 15.2 30.7 77.0+0.6 33.9 —-35.8
Plexiglas 3 47.3 29.3 15.4 30.9 73.7+1.2 36.5 -32.0
Microalgae
Chlorococcum sp. 78 34.2 —-38.0
Mixotrophic algae <2 73.1 -04
Table 4 Zeta potential and size of microalgae affected the whole process. Chlorococcum sp. was more
Microalgac Zeta potential (mV) Size (nm) productive in horizontal orientation, while mixotrophic
algae were in vertical one. Among all materials tested,
0d 16d 0d 16d plexiglas and engraved plexiglas were the best in algal
Chlorococcum — —38.0+2.7 —28.0+0.5 2600+920 3570+383  attachment. More specifically, engraved plexiglas 1 was
sp. the best material in terms of biomass productivity for
Mixotrophic —135+£03 —19.7+7.6 2620+780 3030+140  Chlorococcum sp. (49.5 g/m? in horizontal and 32 g/m?
algae for vertical position). In the case of mixotrophic algae,

well as biotic factors such as the type of strain involved,
the involvement of microorganisms, and the production of
EPS. One reason that plexiglas was more effective in biofilm
production in various microalgae strains may be the light
permeability. It seems that the refraction of radiation favors
the increase in biomass production. However, in addition to
the light permeability on the surface, roughness seems to
also play an important role in the retention and maturation
of the biofilm. For example, in a previous study, we had
found that Botryococcus branii adhered quite satisfactorily
on a glass surface reaching 50 g/m? on the 8th day, but in the
process, the biomass was detached due to the zero roughness
of the glass, which was not able to hold the algal cells [24].

4 Conclusion

Attachment to various materials, placed in different ori-
entations (horizontally and vertically), was examined
by Chlorococcum sp. and mixotrophic algae, and the
results showed that microalgae kind and orientation
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the productivity reached up to 15.4 g/m? with engraved
plexiglas 3 in horizontal orientation and 38.7 g/m? in
vertical orientation with plexiglas 1. The content of total
proteins was much higher than of total carbohydrates
and increased during the cultivation period, while total
carbohydrates tended to decrease. Mixotrophic algae
completely removed ammonia and phosphates by the end
of cultivation and this implies that microalgae can effec-
tively remediate nutrient from wastewater. The selection
of plexiglas can be considered a supporting material in
scale up biofilm reactors for wastewater treatment and
algal biomass production.
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