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ABSTRACT

Although cyanobacteria are a common group of microorganisms well-suited to utilization in
photobioreactors (PBRs), studies of cyanobacteria fouling and its prevention are scarce. Using a
cyanobacterium, Anabaena sp. PCC 7120, which had been genetically modified to enhance lina-
lool production, the formation of conditioning films and the effects of these on the physico-
chemical surface properties of various PBR materials during initial adhesion and biofilm forma-
tion were investigated. The adhesion assay revealed that the overall attachment of Anabaena
was substratum dependent and no correlation between the hydrophobicity/roughness of clean
material and cell attachment was found. Surface hydrophilicity/hydrophobicity of all the materi-
als changed within 12h due to formation of conditioning films. ATR-FTIR spectroscopy revealed
that the fractional change in protein deposition between 12 to 96h was consistent with
Anabaena cell attachment but polysaccharide deposition was material specific and did not cor-
relate with cell attachment on the PBR materials. Also, the delay in conditioning film proteins
on PVC and PTFE indicated that components other than proteins may be responsible for the
decrease in contact angles on these surfaces within 12 h. This indicates the important role of
the chemical nature of adsorbed conditioning films in determining the initial attachment of
Anabaena to PBR materials. The lower rate of attachment of Anabaena on the hydrophilic surfa-
ces (glass and PMMA) between 72 h to 96 h (regime 3) showed that these surfaces could poten-
tially have low fouling characteristics at extended time scales and should be considered for
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further research.

Introduction

About 80% of the world’s energy is derived from fos-
sil fuels which are non-renewable and finite (Caspeta
et al. 2013). Fossil fuel burning releases carbon diox-
ide in high levels which is a major cause of global
warming (Caspeta et al. 2013). The importance of
replacing fossil fuels with renewable energy resources
(such as biomass) to produce biofuels, and to decrease
CO, levels in the atmosphere, is well recognized
(Brennan and Owende 2010; Quintana et al. 2011;
Caspeta et al. 2013). Third generation biofuels derived
from cyanobacteria (blue-green algae) are gaining
considerable importance (Parmar et al. 2011) due to
their ability to capture CO, and sunlight to synthesize
biofuels by photosynthesis (Callow and Callow 2002;
Ducat et al. 2011). In general, cyanobacteria are culti-
vated in open ponds or closed photobioreactors
(PBRs) for biofuel production (Rawat et al. 2013).

Cyanobacteria cultivation in PBRs has several advan-
tages over open ponds, including less risk of contam-
ination, control over the process, and higher cell
densities and productivities (Rawat et al. 2013).
Despite their advantages, PBRs must overcome a
number of challenges during their operation such as
CO, depletion, oxygen accumulation along the tubes
(Dragone et al. 2010) and poor light distribution due
to fouling (Brennan and Owende 2010), all of which
can negatively affect the biofuel productivity (Harris
et al. 2013). In photobioreactors, light distribution
plays an important role in cyanobacterial photosyn-
thesis (Wang et al. 2012). Fouling on light transmit-
ting surfaces can cause poor utilization of light energy
by cyanobacteria which can ultimately decrease the
biomass generation and biofuel productivity (Harris
et al. 2013). Fouling can also result in frequent shut
down of photobioreactors for cleaning which can be a
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major problem in continuous production of biofuels
(Tsoglin et al. 1996; O’Connor 2011, 9). Many anti-
fouling (AF) technologies have been developed with a
focus on preventing medical, industrial and marine
biofouling by different microorganisms over the years
(Bixler and Bhushan 2012; Damodaran and Murthy
2016; Nir and Reches 2016). Very few studies have
discussed the applicability of those technologies to
photobioreactors (Wang et al. 2017; Zeriouh et al.
2017; 2019). A study conducted by Wang et al. (2017)
used chemical modification of polyethylene (PE), a
commonly used photobioreactor material, to develop
AF PE films surface-grafted with sulfobetaine poly-
mers due to their hydrophilic nature that resist
microalgal colonization (Wang et al. 2017). Another
study by Zeriouh et al. (2017) suggested using foul
release (FR) materials such as fluoropolymers and sili-
cone-based polymers for manufacturing PBRs, mainly
because of their low surface energy and ultra-smooth
characteristics which can prevent organisms from set-
tling on the surfaces (Zeriouh et al. 2017). A study by
Zeriouh et al. (2019) used polycarbonate coated with
a commercial silicone-hydrogel based FR coating to
prevent the attachment of a microalga (N. gaditana)
and found that these coatings exhibited promising AF
properties without affecting the growth and viability
of the microalgal cells (Zeriouh et al. 2019). Even
though all these materials showed AF properties, so
far none was tested against cyanobacterial biofilms.
Many authors have reported fouling as a limiting fac-
tor for biofuel production in PBRs (Brennan and
Owende 2010; Dasgupta et al. 2010; Dragone et al.
2010) but studies that describe the strategies to over-
come cyanobacterial fouling in PBRs are scarce. This
is mainly because cyanobacterial species are not as
well explored as other bacteria (Irving and Allen
2011; Sirmerova et al. 2013) and eukaryotic microal-
gae (Zeriouh et al. 2017; 2019) in relation to fouling,
and currently known mechanisms of cyanobacteria
adhesion have been insufficient to prevent the forma-
tion of cyanobacteria biofilms on PBRs (Schatz et al.
2013). Therefore, it is important to understand the
factors influencing adhesion of cyanobacteria to PBR
materials in any effort to identify biofoul-
ing mechanisms.

Biofouling is a well-known phenomenon which
occurs when microorganisms switch from a free-living
planktonic state to surface attached sessile commun-
ities called biofilms (Kolter and Greenberg 2006). In
most cases, biological material called a conditioning
film adsorbed on to the submerged surface initiates
the process of biofilm formation (Gademann 2007).

Conditioning film formation on a solid surface is
reported to influence initial bacterial adhesion by
altering substratum properties such as surface
roughness, surface charge, chemical composition
and surface hydrophobicity/hydrophilicity (Gubner
and Beech 2000; Lorite et al. 2011; Hwang et al.
2012). The second step of the process is the revers-
ible adhesion of microorganisms to the conditioning
film. In this process bacteria can use extracellular
organelles such as flagella and pili to sense and
attach to the conditioning film (Renner and Weibel
2011). In the third step, microorganisms are irre-
versibly adhered to the conditioning film by secret-
ing extracellular polymeric substances (EPS)
(Hoiczyk 2000).

A number of reports indicate that surfaces with
high roughness and hydrophobic properties are favor-
able for cyanobacterial adhesion (Callow et al. 2000;
Sekar et al. 2004; Ozkan and Berberoglu 2013), but
there are also studies which show no correlation
between the hydrophobicity and roughness of the sur-
faces and cell attachment (Katsikogianni and Missirlis
2004; Irving and Allen 2011). These contradictory
results arise mainly because, even though surface
roughness and hydrophobicity are considered to be
fundamental properties for cell attachment, these sub-
stratum surface properties can be readily masked by
the formation of conditioning films (Whitehead and
Verran 2009; Lorite et al. 2011). Studies have reported
that, more than the surface hydrophobicity and
roughness, surface chemical functional groups result-
ing from the conditioning films have an important
role in bacterial adhesion to substrata (Gubner and
Beech 2000; Lorite et al. 2011). Despite their import-
ance in early stage biofilm formation, the formation
of conditioning films is not a well understood process
(Siboni et al. 2007). This is mainly because the com-
position of conditioning films vary, depending on the
kind of microorganisms involved, the growth medium
in which the material is suspended, and the nature of
the material (Compere et al. 2001; Donlan 2002).
Therefore, the dynamics of conditioning film forma-
tion and their influence on early stage biofilm devel-
opment need to be explored in order to understand
the mechanisms related to cyanobacterial adhesion on
PBR materials (Siboni et al. 2007).

Several species of cyanobacterial genera have been
extensively studied due to their capability to utilize
CO,, sunlight and wastewater to produce oxygen and
biofuels (Mostafa et al. 2012). Anabaena sp. PCC
7120, a filamentous nitrogen fixing cyanobacterium,
was found to be an excellent host for the production



of high value chemicals, as well as for removing heavy
metals from industrial wastewater (Ruffing 2011).
Considering the ability of this organism to survive in
high levels of CO, (Thomas et al. 2005) and to treat
wastewater (Ruffing 2011), a National Aeronautics
and Space Administration (NASA) program was
undertaken to develop a PBR system for cultivation of
Anabaena sp. PCC 7120 (Duke 2011) which had been
genetically engineered to produce oxygen and linalool
(a platform chemical) directly from CO, and sunlight
(Duke 2011; Zhou and Gibbons 2015). The long-term
goal of this PBR system is to provide life support con-
ditions for space colonizing missions by producing
oxygen and fuels in a sustainable manner by convert-
ing CO, and wastewater (Duke 2011).

Therefore, in this study, Anabaena sp. PCC 7120,
genetically engineered to produce linalool (engineered
Anabaena), was used as a model organism to study
biofouling on PBR materials. Details of linalool pro-
duction from this Anabaena can be found in a patent
by Zhou and Gibbons (2015). Widely used PBR mate-
rials that satisfy the transparency requirement for
PBR construction include glass, polyvinyl chloride
(PVC), poly(methyl methacrylate) (PMMA), polycar-
bonate (PC) and high-density polyethylene (HDPE)
(Wang et al. 2012; Genin et al. 2014). In the present
study, these materials were taken as model surfaces/
substrata, together with polytetrafluoroethylene
(PTFE), a non-transparent substratum selected for its
low surface energy rather than for its suitability as a
PBR material. The main objective of this study was to
investigate the role of conditioning films and their
influence on initial adhesion and biofilm formation of
the engineered Anabaena to PBR materials. This was
done by evaluating the physico-chemical changes
occurring on PBR materials, starting from the evolu-
tion of conditioning film formation to biofilm devel-
opment by the engineered Anabaena cells, on a time
scale of up to 96 h.

Materials and methods
Substratum materials and preparation

Suitable photobioreactor materials, viz. glass, poly
(methyl methacrylate) (PMMA), poly vinyl chloride
(PVC), polycarbonate (PC) and high-density poly-
ethylene (HDPE) were selected as substratum materi-
als. Polytetrafluoroethylene (PTFE), a material that
possesses low surface energy and a low degree of bio-
fouling retention characteristics (Yebra et al. 2004;
Kirschner and Brennan 2012), was used for compari-
son with the PBR materials. Soda lime glass
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microscope slides (25 x 75 x 1mm) were purchased
from Fisher Scientific (Pittsburgh, PA, USA) and
polymer sheets (thickness of 1 mm) were purchased
from Goodfellow Corporation (Coraopolis, PA, USA).
All the substratum materials were cut into coupons of
dimensions 50 x 15mm. The polymer coupons were
cleaned by rinsing in 70% ethanol followed by vigor-
ous rinsing in deionized water (Cui et al. 2013). Glass
coupons were cleaned by sonicating for 10 min in 1N
HCl followed by rinsing in deionized water, 70%
ethanol and again with deionized water (Hwang et al.
2012). The cleaned substratum materials were air
dried under aseptic conditions and characterized by
various experimental methods such as contact angle
goniometry, attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy and
atomic force microscopy (AFM). Finally, all the
cleaned materials prepared were stored in sterile
deionized water until they were used for experiments.

Cyanobacterium and culture conditions

A pure culture of Anabaena sp. PCC 7120, genetically
engineered to produce linalool, was taken as a model
organism. Linalool-producing, genetically engineered
Anabaena sp. PCC 7120 (engineered Anabaena) was
provided by Drs R. Zhou and W. Gibbons of the
Biology and Microbiology department at South
Dakota State University, Brookings, SD (Zhou and
Gibbons 2015). The engineered Anabaena strain was
cultivated in modified BG-11 medium containing
100 pug ml~" of neomycin (Rippka et al. 1979; Zhou
and Gibbons 2015). The modified BG-11 medium
was prepared by adding 1.5g of NaNOs;, 0.0366¢g of
MgSO,e7H,0, 0.036g of CaCl,e2H,0O, 0.04g of
K,HPO,e3H,0, 0.006 g of citric acid, 0.006 g of ferric
ammonium citrate, 0.001 g of EDTA (disodium mag-
nesium salt), 0.02g of Na,CO; and 1ml of trace
element mix A5+ Co in 11 of deionized (DI) water.
Trace element mix A5+ Co solution was prepared by
adding the following components to 11 of DI water:
2.86g of H3BO;, 1.81g of MnCl,eH,O, 0.222g of
ZnSO,e7H,0, 0.39g of Na,MoO,e2H,0, 0.079g of
CuSO,e5H,0, and 0.0494 g of Co (NO3),06H,0. The
initial pH of the prepared BG-11 medium was set at
7.1. Unless specified otherwise, the engineered
Anabaena was grown in 500ml Erlenmeyer flasks
containing 200ml of sterile BG-11 medium with
100 ug ml~" of neomycin. The flasks were continu-
ously shaken at 150rpm in an orbital incubator
shaker at 30 °C under a light intensity of 25-30 micro-
einsteins m~> s~ ' (Rippka et al. 1979; Zhou and
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Gibbons 2015). Throughout the study, the engineered
Anabaena was grown under atmospheric air until the
culture reached the exponential phase (optical dens-
ity 0.7-0.8).

Initial adhesion of engineered Anabaena
to substrata

An initial adhesion assay of engineered Anabaena on
substratum materials was conducted by a modified
method described by Irving and Allen (2011). Agar
plates were prepared by adding 30ml of sterile agar
(1% agar made in modified BG-11 medium contain-
ing 100pg ml~' of neomycin) medium to large
(100 mm diameter) Petri dishes. Agar in the Petri
dish was cut with a sterile scalpel blade in such a way
that the coupons of 50 X 15mm could be inserted. In
this way several replicate Petri dishes were made by
inserting the coupons, and 30ml of engineered
Anabaena cell suspension (8 x 10”7 cells ml™') con-
taining 100 ug ml~' neomycin was poured into the
Petri dishes. The Petri dishes were incubated at 30°C
under a light intensity of 25-30 microeinsteins m >
s~'. The same procedure was applied to all the sub-
stratum materials. Six replicate coupons were col-
lected at each time interval for all the substratum
materials up to 96 h during the course of adhesion of
the engineered Anabaena cells (Sekar et al. 2004;
Irving and Allen 2011). The coupons were gently
rinsed in deionized water to remove loosely bound
cells, air dried at room temperature overnight (Sekar
et al. 2004) and characterized by different analytical
techniques described in the following section. Among
the six replicate coupons collected at each time inter-
val, three were used for microscopic imaging and
contact angle measurements and the other three were
used for ATR-FTIR spectroscopy and atomic force
microscope analyses.

Analytical methods

Bright field microscopy

The initial adhesion of engineered Anabaena cells on
different substratum materials was observed by
reflected-light bright field microscopy using an
upright microscope (Carl Zeiss Axio Imager.Mlm,
Thornwood, NY, USA). Twenty images from each of
the three replicate coupons were captured in random
fields using AxioVision LE software. The images were
processed in Image] (Rasband 1997) to calculate the
percentage area occupied by the engineered Anabaena
cells on the different materials (Rasband 1997; Chung

et al. 2007). Briefly, the image background was
adjusted using Process-Subtract Background com-
mand. The brightness of the image was adjusted using
Image- Adjust-Brightness/Contrast command to high-
light the cells and lighten the surrounding deposited
material. Image-Adjust-Threshold command was used
to enhance the area occupied by cells. Using Analyze-
Analyze Particles command, the percentage area occu-
pied by cells was calculated (Rasband 1997; Chung
et al. 2007). The mean percentage area coverage of
engineered Anabaena was calculated based on the
independent means from three replicate coupons for
all the materials at each time interval.

Contact angle measurements

The water contact angles of the clean and biofilm-
adhered materials were measured by the sessile drop
method using a contact angle goniometer (Model 500,
Rame-hart Instrument Co., Succasunna, NJ, USA)
(Thome et al. 2014). Six drops were placed on each of
the three replicate coupons and contact angles were
averaged. In the case of polymer materials, 5l water
drops were placed whereas in the case of glass, 2l
water drops were placed to properly visualize the left
and right angles of the droplets in DROP
image software.

ATR-FTIR spectroscopy

An Agilent Cary 660 FTIR spectrometer equipped
with diamond ATR (Agilent Technologies, Santa
Clara, CA) was used to obtain the infrared spectra of
clean and biofilm adhered substratum materials. The
diamond crystal was cleaned with acetone before each
measurement. Coupons were pressed against the dia-
mond crystal using a pressure clamp ensuring that
the biofilms attached to the substrata were in close
contact with the crystal. Spectra were collected at a
spectral resolution of 4cm™' and averaged over 100
scans within the wavenumber region of 1800cm
and 800cm~ ' (Lorite et al. 2011). Spectra from at
least two separate locations of each of the three repli-
cate coupons (total of six spectra for each time inter-
val for all the materials) were collected and processed
in Agilent Resolutions Pro software version 5.2.0. All
the sample spectra were baseline corrected, averaged
and subtracted from the spectra of respective clean
substrata (Resolutions Pro software, Version 5.2.0.
Agilent). An optimum subtraction factor that mini-
mizes the absorbance/intensity of a number of inter-
fering substratum polymer/glass peaks in the
wavenumber region 1750 to 950cm™' was chosen
(Smith 2011, 59-60) to produce the difference spectra



(Kunov-Kruse et al. 2013) of all the materials at each
time interval. Each spectrum was normalized to the
absorbance of the peak that had a maximum absorb-
ance within the spectrum for a direct comparison
between the different time intervals (Smith 2011,
79-80) and deconvoluted using Peakfit 4.12 software
(Systat software Inc., San Jose, California, USA)
(Kunov-Kruse et al. 2013). The built-in Voigt area
algorithm was used for peak fitting and the integrated
areas of the peaks obtained from deconvolution were
used to assess and quantify the contribution of spe-
cific surface chemical functional groups (Parikh and
Chorover 2006; Kunov-Kruse et al. 2013).
Deconvolution was carried out until the model con-
verged the experimental data to R® values
between 0.99 — 1.00.

Atomic force microscopy (AFM)

Surface topography images of the clean substratum
materials were captured by a multimode atomic force
microscope (Multimode 8, Bruker, Santa Barbara, CA,
USA). The multimode 8 atomic force microscope was
operated in tapping mode using a silicon probe with
a spring constant of 3N m™', a radius of 8nm, a
height of 15-20pm and a resonance frequency of
75KHz, purchased from Bruker AFM probes (Bruker
AFM probes, Camarillo, CA, USA). Topography
images were obtained with a scan area of 10 x 10 pm.
Images of at least five random locations from each of
the three replicate coupons were captured for all the
materials. All the images processed in
Nanoscope 8.15 software using Flatten and Clean
Image commands prior to the analysis (Auerbach
et al. 2000). Flatten command was used to eliminate
the noise, bow and tilt of the images and Clean
Image command was used to smooth the noisy image.
The root mean square roughness (Rq) of the clean
substratum materials was calculated using the rough-
ness analysis function (Auerbach et al. 2000; Lorite
et al. 2011).

were

Statistical analysis

The statistical differences in the mean percentage area
coverage of Anabaena between different substratum
materials across different time points (24h, 48h, 72h
and 96h) were evaluated by mixed analysis of vari-
ance (mixed ANOVA) with one “between-subjects”
factor (material) and one “within-subjects” factor
(time) followed by Tukey’s post hoc test for multiple
comparisons of means with Bonferroni correction.
Three replicate coupons were nested within each
material for all time points. Mixed ANOVA
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Table 1. Water contact angle, root-mean-squared (R;) rough-
ness of clean substratum materials.

Water contact Surface roughness

Material angle+ 5D (°) 5D (Ry) (nm)
Glass 16.9+1.4 1.2+0.1
PMMA 854+1.1 35+038

PVC 86.7+33 42+0.5

PC 928+1.0 39+1.2
HDPE 91.4+23 21.7+£4.1
PTFE 1103+1.6 85.0+£19.2
Values represent the means+the SD of the three-independent

means (n=3).

(replicates were nested within material) was carried
out to evaluate the statistical differences in the mean
contact angles between the substratum materials at
Oh, 12h, 24h, 48h, 72h and 96 h followed by Tukey’s
post hoc test for multiple comparisons of means with
Bonferroni correction. The univariate analysis of vari-
ance (Univariate ANOVA) was conducted on contact
angles (and surface roughness) of clean materials as a
dependent variable and material as an independent
variable followed by Tukey's HSD post hoc test for
multiple comparisons of means with Bonferroni cor-
rection. Three replicate coupons were nested within
each material for analysis and statistical differences in
mean contact angles and surface roughness between
different clean substrate materials were evaluated.
Statistical analyses were conducted using SPSS v27.0
statistical software.

Results and discussion
Characterization of clean substrata

Clean substratum materials were characterized by
three methods. The hydrophobicity/hydrophilicity of
the materials were determined by contact angle meas-
urements (Table 1), which were in close agreement
with the values reported in the literature (Husmark
and Ronner 1993; Hwang et al. 2012). Univariate ana-
lysis of variance showed significant differences in the
mean contact angles of the different substratum mate-
rials, F (5,90) = 2876.14, p < .001. Having contact
angles of < 90°, the glass, PMMA and PVC surfaces
were found to be hydrophilic. The PC, HDPE and
PTFE surfaces were found to be hydrophobic, having
contact angles > 90° (Table 1). Tukey’s post hoc test
revealed that there were significant differences in the
contact angles between all the materials (Tukey’s test,
p < .05) except for hydrophilic PMMA and PVC and
hydrophobic PC and HDPE (Table 1). The surface
chemistry of the materials was examined by ATR-
FTIR spectroscopy and was consistent with the
expected chemical compositions of the materials
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Figure 1. ATR-FTIR spectra of clean substratum materials.

(Figure 1). The surface topography of the materials
captured by atomic force microscopy, the section ana-
lysis conducted on the topography images and the
respective line profiles are shown in Figure 2. The
line profiles indicate the height differences across the
section created on the topography images of the dif-
ferent materials. The root-mean-squared roughness
(Rg) of the materials are reported in Table 1.
Univariate analysis of variance revealed significant
differences in average surface roughness of the differ-
ent substratum materials, F (5,72) = 118691, p <
.001. Surface roughness measurements revealed that,
on the nanoscale, the HDPE (R; of ~22nm) and
PTFE (Rq of ~85nm) samples had rough surfaces
compared with glass, PMMA, PVC and PC (R; <
5nm) (Tukey’s test, p < .05 for each combination)
(Table 1 and Figure 2).

Initial adhesion of engineered Anabaena to
substratum materials

The initial adhesion of engineered Anabaena cells on
different substratum materials was observed by bright
field microscopy (Figure 3) and quantified by

measuring the percentage area coverage of engineered
Anabaena using Image] (Figure 4). Figure 4 shows
the changes in the percentage area coverage of engi-
neered Anabaena on the different materials with time.
A mixed ANOVA was conducted to assess whether
there were any statistically significant changes in the
percentage area coverage between the materials across
different time intervals during the adhesion of
Anabaena (Figure 4). The results indicate that there
were statistically significant differences in the overall
coverage of Anabaena between the different materials
F (5,342) = 156.80, p < .001 and across the four-time
intervals F (1.304,446.04) = 1468.91, p < .001 exam-
ined. There was also a significant interaction between
the time and material F (6.521,446.04) = 163.18, p <
.001. At 96h, the total area occupied by engineered
Anabaena cells was higher on PTFE (~5.4%) and PC
(~3.6%), compared with HDPE (~1.6%), glass
(~1.5%), PMMA (~1.2%) and PVC (~1.0%) (Tukey’s
test, p < .05 for each combination). Interestingly, the
initial colonization of Anabaena was delayed on PC
and PTFE (~72h) compared with the relatively rapid
colonization of glass (~24h), PMMA (~48h) and
HDPE (~48h), despite the lower overall coverage of
cells on glass, PMMA and HDPE than on PC and
PTFE at 96h (Tukey’s test, p < .05 for each combin-
ation). Even though there were no significant changes
in Anabaena attachment on PVC, PMMA and glass
surfaces (Figure 4) at 96h (Tukey’s test, p > .05 for
each combination), initial colonization was not appar-
ent on PVC until 72h (Figure 3). Although the per-
centage area coverage of engineered Anabaena cells
on the different materials varied (Figure 4), the early
stage of first-layer biofilm formation was observed on
all the materials at 96h (Figure 3). From the repre-
sentative images of the adhesion of engineered
Anabaena cells on the different substratum materials
over time (Figure 3) it can be seen that the engi-
neered Anabaena was attached to all the substrata in
the form of single cells or filaments. Figure 3 also
gives an indication of deposits (gray material identi-
fied with red arrows) between the cells/filaments
(shown in black) of the Anabaena on all the materi-
als. These deposits, which were left on the surfaces
when the loosely bound cells were washed away dur-
ing rinsing, have been referred to as EPS by several
authors (Azeredo and Oliveira 2003; Lorite et al.
2011). These EPS deposits could be a contribution
from different forms of EPS such as capsulated poly-
saccharides (CPS) and/or released polysaccharides
(RPS) (Richert et al. 2005) and/or biofilm polysac-
charides (Beech et al. 1999) that Amnabaena cells
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Figure 2. AFM topography (A to F) and line profiles obtained from section analysis of the topography images (G to L) of clean
substratum materials.

produce during the phases of growth, adhesion and  and organic substituents, which may influence the
biofilm development. These EPS deposits may contain ~ adhesion of the Anabaena cells to substrata (De
compounds secreted from the Anabaena such as poly-  Philippis and Vincenzini 1998; De Philippis et al
saccharides, lipids, nucleic acids, proteins, inorganic  2001; Azeredo and Oliveira 2003).
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Figure 3. Representative bright field microscopy images of engineered Anabaena attached on different substratum materials over
a period of 96 h (scale bars = 20 um). The engineered Anabaena cells and filaments are shown in black and the grey material is
the residue of EPS left on the surface when the loosely bound cells were removed by rinsing. The streaks observed, mostly on
HDPE and PTFE, could be due to higher roughness and depressions on these surfaces as observed from AFM images of the clean

substrata in Figure 2.

Studies have shown that the bacteria in general
prefer to attach to hydrophobic and rough surfaces
(Callow et al. 2000; Sekar et al. 2004; Lorite et al.
2011; Ozkan and Berberoglu 2013). In studies con-
ducted by Callow et al. (2000) and Sekar et al. (2004),
different cyanobacteria and green algal species were

tested for their ability to attach to hydrophobic and
hydrophilic materials and it was found that the cell
density was higher on hydrophobic materials com-
pared with hydrophilic surfaces. The authors
explained that this differential attachment density of
bacteria on hydrophobic and hydrophilic materials
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Figure 4. Initial adhesion of engineered Anabaena cells on dif-
ferent  substratum materials with time. Error bars
represent + SEs (n=3). The mean percent area coverage and
standard error were calculated based on three independent
means at each time interval for all the materials.

was mediated by a water exclusion mechanism (Sekar
et al. 2004). According to this mechanism, easier dis-
placement of water molecules from hydrophobic sur-
faces facilitates the adhesive bonding between cells
and substratum resulting in a higher density of cells,
whereas in the case of hydrophilic surfaces, cells were
not able to form an adhesive bond which resulted in
a lower density of cells on these surfaces (Callow
et al. 2000). Hydrophilic substrata interact strongly
with water molecules through hydrogen bonding so
the displacement of surface bound water molecules
from hydrophilic surfaces is a major barrier for adhe-
sion of cells (Petrone 2013). In the present study, the
overall lower attachment on hydrophilic glass, PMMA
and PVC than on hydrophobic PC and PTFE (Figure
4) at 96h (Tukey’s test, p < .05 for each combin-
ation) could involve a similar mechanism. However,
although HDPE was also a hydrophobic surface, the
percentage area coverage of Anabaena was not much
higher than on the hydrophilic surfaces of glass and
PMMA (Figure 4) (Tukey’s test, p > .05 for each
combination), which indicates that Anabaena attach-
ment on all the materials cannot be described solely
by the water exclusion mechanism.

It is also possible that the overall higher attach-
ment of engineered Anabaena cells on PTFE than on
the other materials at 96 h (Figure 4) (Mixed ANOVA
p < .001, Tukey’s test, p < .05 for each combination)
may be related to the higher roughness of this mater-
ial (R; = ~85nm) than the other substrata (Table 1)
(Univariate ANOVA p < .001, Tukey’s test p < .05
for each combination). Increased surface area result-
ing from depressions and the overall higher roughness
of the PTFE surface could have created favorable sites
for colonization of the Anabaena cells (Katsikogianni
and Missirlis 2004; Sekar et al. 2004). On the other
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hand, on HDPE, which is the second roughest mater-
ial (Rq ~ 22nm), the attachment of Anabaena was
lower (Figure 4) than on PC (Ry = ~ 4nm) (Mixed
ANOVA p < .001, Tukey’s test, p < .05) which indi-
cates that the surface roughness of clean substrata
alone cannot describe the different attachment behav-
ior of the engineered Anabaena on these materials.
Also, the statistically insignificant difference in the
overall attachment of Anabaena on smooth hydro-
philic glass and rough hydrophobic HDPE at 96h
(Figure 4 and Table 1) (Tukey’s test, p > .05) suggests
that factors other than clean material hydrophobicity
and roughness may be involved (Cui et al. 2010;
Lorite et al. 2011). As with other bacteria, attachment
of cyanobacteria to substrata is facilitated by the pro-
duction of EPS, and the variation in cell attachment
could also be influenced by differences in the ability
of the Anabaena to deposit EPS on the different sur-
faces (De Philippis and Vincenzini 1998; De Philippis
et al. 2001; Sekar et al. 2004). Overall, a lack of correl-
ation between the properties of the clean substratum
(hydrophobicity and roughness) and Amnabaena
attachment in this study indicates the need for evalu-
ation of the physico-chemical changes occurring on
the materials due to conditioning film formation.
Very few studies have focused on the occurrence of
conditioning films on different substrata (Compere
et al. 2001; Garg et al. 2009; Leefmann et al. 2015)
and their role in adhesion of bacteria (Jain and
Bhosle 2009; Lorite et al. 2011; Hwang et al. 2012,
2013) and green algae (Ladner et al. 2010; Thome
et al. 2012), and currently reports do not exist on
how the substratum properties may be altered by
compounds secreted from cyanobacteria, and the con-
ditioning films that are formed. Therefore, it is
important to investigate the physico-chemical changes
occurring on substratum materials during the initial
adhesion of engineered Anabaena for deeper under-
standing of the molecular mechanisms involved.

Surface physico-chemical changes occurring
during the initial adhesion of engineered
Anabaena on substratum materials and the role
of conditioning films

Changes in the physico-chemical properties, specific-
ally the surface hydrophobicity/hydrophilicity and the
surface chemistry of different materials during the ini-
tial adhesion of the engineered Anabaena were deter-
mined by contact angle measurements and ATR-FTIR
spectroscopy. Figure 5 shows the time dependent
changes in the contact angles of substrata during the
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Figure 5. Change in contact angle of substratum materials
with time during the initial adhesion of engineered Anabaena
cells. Error bars represent the SD of the mean (n=3).

initial adhesion of Anabaena. There was a change in
contact angles of all the materials within 6-12h of
immersion of the substrata in the Anabaena suspen-
sion. A mixed ANOVA was conducted to evaluate the
statistically significant differences in the average con-
tact angles between the different substratum materials
at different time points during the adhesion of
Anabaena (Table 2). The results revealed that there
were significant differences in the contact angles
between the different materials F (5,90) = 5819.48, p
< .001 and across the six-time intervals F (5,450) =
1637.27, p < .001 examined. A significant interaction
effect was also observed between the time and mater-
ial F (25,450) = 189.41, p < .001. The contact angles
of all the polymer substrata decreased as the time
changed from 0 to 96h (Tukey’s test, p < .05).
Hydrophobic PC, HDPE and PTFE became hydro-
philic within 12h (Table 2) (Tukey’s test, p < .05).
Hydrophilic surfaces such as PMMA and PVC
became more hydrophilic within 12h (Table 2)
(Tukey’s test, p < .05). In contrast to this, the contact
angle of hydrophilic glass increased slightly within
12h (Table 2) (Tukey’s test, p < .05). The change in
contact angle of all the materials within a few hours
of immersion of the substrata in this study was in
good agreement with the literature on other microbes
(Thome et al. 2012). These contact angle changes
could be due to conditioning film formation (Thome
et al. 2012) because there was no indication of
Anabaena cell attachment on any of the substrata at
12h (data not shown). Following this initial change
(regime 1), the contact angle remained essentially
constant for all the materials until about 60h (regime
2) (Figure 5). At some point, in the range from about
60-96 h (regime 3), the contact angle decreased in all
the materials except PVC, where it increased. The

Table 2. Contact angle measurements of different substratum
materials changing with time.

'(I'ri]r)ne Contact angles+SD (°)
Glass PMMA PvC PC HDPE PTFE

0 169+14 854+1.1 86.7+33 928+1.0 914+23 1103+1.6
12 326+0.6 81.2+09 63.7+03 63.8+1.0 62.1+0.7 90.0+0.9
24 31.7+3.1 748+12 628+0.7 658+14 563+3.1 894+64
48 304+1.7 71.0+27 568+04 620+14 56.0+0.1 87.6+33
72 200+2.6 648+03 60.8+23 59.0+1.7 418+36 86.1+33
96 183+2.1 572+6.0 69.6+18 435+89 363+3.9 580%6.5

Values represent the means+the SDs of the three-independent
means (n = 3).

contact angle decrease was particularly strong for
PTFE in this regime.

Since Figures 3 and 4 indicate little cell growth in
regime 2, with the exception of the glass substratum,
this regime may be associated with further coverage
of the surface by conditioning film and, possibly,
reversible adhesion of the Anabaena cells. Regime 3,
on the other hand, appears to be associated with
strong cell growth (Figures 3 and 4) and may be asso-
ciated with the irreversible attachment of the engi-
neered Anabaena cells, involving the secretion of EPS
(Beech et al. 2005; Siboni et al. 2007; Lorite et al.
2011). From the mechanism of biofouling, EPS pro-
duction facilitates the irreversible adhesion of cells,
but the EPS deposits left on the surface by the loosely
bound cells (Figure 3) reveals that despite the pres-
ence of EPS, irreversible attachment of cells may be
taking place only in certain areas on the surface. It is
possible that the Anabaena cells might be producing
chemically different EPS in different locations within
the biofilm which may influence the extent of revers-
ibility of the cells on the materials.

In order to obtain information about the chemical
functional groups involved in the initial adhesion of
the engineered Anabaena, ATR-FTIR spectroscopy
was applied on materials incubated in Anabaena sus-
pension for up to 96h. The normalized difference
spectra in Figure 6 show the time-dependent evolu-
tion of absorption peaks during Anabaena adhesion
to glass, PMMA, PVC, HDPE, PC and PTFE in the
wavenumber region 1750 to 950 cm ™' where chemical
functional groups of important biomolecules such as
proteins, polysaccharides, lipids and nucleic acids
appear (Dean and Sigee 2006; Parikh and Chorover
2006). The bands near 1652cm ' and 1546cm ™,
which represent the proteins, were cleanly subtracted.
However, with the exception of HDPE, the interfer-
ence of clean substratum polymer/glass peaks (Figure
1) was evident for all the materials in the polysacchar-
ide region from 1200 to 950 cm ™Y, and also in the
carboxylate (1450-1360 cm ™ ') and phosphate/sulphate
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Figure 6. Time course changes in ATR-FTIR difference spectra during the initial adhesion of engineered Anabaena cells on differ-

ent materials.

(1260-1220cm™ ") regions of PMMA, PVC and PC.
This is because certain substratum peaks in the spec-
tra, including the larger substratum peaks which have
absorbance > 0.8, do not subtract out completely as
they may have a nonlinear absorbance/concentration
relationship, and do not follow Beer’s law (Smith
2011, 59-61).

The interference of these substratum peaks with
the absorption peaks arising from the biomolecules
makes it difficult to interpret the contributions of spe-
cific chemical functional groups within the spectra
solely through spectral subtraction. Therefore, the dif-
ference spectra of all the substrata in Figure 6 were
deconvoluted, and integrated peak areas were
obtained in order to quantify the contribution of the
important chemical functional groups/biomolecules in

different regions of the spectra (Dean and Sigee 2006;
Smith 2011, 72-76; Kunov-Kruse et al. 2013). The
deconvoluted ATR-FTIR difference spectra of glass,
PMMA, PVC, HDPE, PC and PTFE during the initial
adhesion of engineered Anabaena at 96h are pre-
sented together in Figure 7. The intensity (absorb-
ance) of the substratum peaks in the ATR-FTIR
spectra of all the materials was found to decrease
(data not shown) with increasing time up to 96 h due
to a layer of conditioning film, engineered Anabaena
cells and EPS deposited on the materials during the
adhesion process. This indicates that the interference
of these substratum peaks would be much less at 96 h
than at 6h, therefore, any increase in the intensity of
the peaks (integrated peak areas) in a specific region
in the spectra could be attributed to the deposition of
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Figure 7. Deconvolution of ATR-FTIR difference spectra of materials during the initial adhesion of engineered Anabaena cells

at 96 h.

the biomolecules related to conditioning films, and/or
extracellular polymeric substances, and/or engineered
Anabaena cells on the materials.

To a greater or lesser extent, all the substrata
showed similar bands in the protein region near
1652cm ™" and 1546cm™' with minor band shifts
(Figure 6). The band in the region of 1652cm™ " indi-
cates C= 0O stretching of amide I and the band near
1546 cm ' indicates N-H bending and C-N stretching
of amide II (Dean and Sigee 2006). Amide I and
amide II groups represent the presence of proteins on
all the substrata (Dean and Sigee 2006; Ladner et al.
2010; Mota et al. 2013). According to Marcotte et al.
(2007) the amide I band near 1652cm ' (C=O0
stretching) is sensitive to the spectral changes associ-
ated with the C-O stretching vibrations of

polysaccharide (such as alginate) deposited on the
materials (Marcotte et al. 2007). The band near
1600 cm ™" represents the C-O stretching of polysac-
charides (Marcotte et al. 2007) and appears as a
shoulder on the amide I band of glass, HDPE and
PTFE (Figures 6 & 7). Therefore, the overlapping
bands near 1652cm ™" and 1600 cm™" on glass, HDPE
and PTFE could be an indication of polysaccharide
accumulation on these surfaces (Marcotte et al. 2007).

The 1600 cm ™' band did not appear in the PMMA
spectrum (Figures 6 and 7). In the case of PVC and
PC (Figures 6 and 7), the band near 1600 cm™" can-
not be unambiguously assigned to C-O stretching of
polysaccharides as they could be spectral interferences
from the clean PVC and PC substrata. The absorption
bands near 1409 cm™' for glass, 1407 cm ™" for HDPE
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Figure 8. Fractional change in integrated peak areas of proteins (blue) (assessed from the intensity of the band near 1652cm™")
and polysaccharides (red) (assessed from the intensity of the bands between 1200-950 cm™") during the initial adhesion of engi-
neered Anabaena cells on different substratum materials up to 96 h (proteins- y-axis at left; polysaccharides- y-axis at right). In the
polysaccharide region, peaks that represent the wavenumbers between 1151 to 1048cm™', 1192 to 1061cm™', 1196 to
1037cm™", 1118 to 1021cm™', 1187 to 1011cm™" and 1178 to 1034cm™" on glass, PMMA, PVC, HDPE, PC and PTFE were taken
for quantitative analysis. The fractional change was calculated by dividing the integrated areas of all time intervals by the inte-

grated area of the first time interval for each substratum material.

and 1405cm ™' for PTFE (Figures 6 and 7) indicate
symmetric stretching of the deprotonated COO™ mode
of carboxylate groups (Parikh and Chorover 2006;
Lorite et al. 2011; Petrone et al. 2011). The bands
near 1256cm™', 1254cm”', 124lcm™'  which
appeared for glass, HDPE and PTFE (Figures 6 and
7) arise from asymmetric stretching of SO; and PO,
groups related to asymmetric S=0O or P=0 stretch-
ing vibrations of sulphate or phosphate containing
compounds (Dean and Sigee 2006; Petrone et al.
2011; Mota et al. 2013).

The chemical functional groups giving rise to the
wavenumber region 1200-950 cm™ ' include contribu-
tions from both polysaccharides and symmetric
stretching of PO,  and SO;  groups (Petrone et al.
2011; Petrone 2013). The broad band in the polysac-
charide region on HDPE (Figures 6 and 7) indicates
the presence of sulfate and phosphate group enriched
polysaccharides. Phosphate stretching vibrations gen-
erally arise from the phosphodiester groups of nucleic
acids (Petrone et al. 2011). Carboxylate and sulfated
groups are present in most polysaccharide fractions of
cyanobacteria (Di Pippo et al. 2013). These carboxyl-
ate, sulphate, phosphate groups and polysaccharides
together may correspond to the presence of anionic
polysaccharides (Petrone et al. 2011) secreted from
engineered Anabaena during the settlement process.

The bands in the carboxylate (1450-1360cm™")
and phosphate/sulphate (1260-1220cm™ ') regions
were prominent only in the third regime (Figures 5
and 6) on glass, HDPE and PTFE which indicates

that the irreversible attachment of Anabaena was
mediated by the anionic polysaccharides on these
materials. Even though the absorption intensity varied
on the different materials, the existence of the amide
I band near 1652cm ™" on all the materials (Figures 6
and 8) in regime 1 and/or 2 suggests that proteins
may be the dominant groups involved in conditioning
film formation and initial adhesion of Anabaena.

In order to obtain quantitative information on the
deposition of proteins (assessed from the intensity of
band near 1652cm™ ') and polysaccharides (assessed
from intensity of the bands between 1200-950 cm™")
during the adhesion of engineered Anabaena on dif-
ferent substrata over 96 h, the integrated peak areas of
different bands obtained from deconvolution were
used. Figure 8 shows the time dependent fractional
change of proteins and polysaccharides, calculated by
dividing the integrated areas of the protein-related or
polysaccharide-related absorption bands at each time
interval by the integrated areas at first time interval.
The presence of proteins on all the materials was evi-
dent within 12-24h except for PVC, which occurred
at around 48h. As there was no indication of adhe-
sion of cells on glass, PMMA, HDPE, PC at 12h
(data not shown) or on PTFE at 24 h (Figure 3), these
proteins may be attributed to the conditioning films
on these substrata. On PVC, no strong cell adhesion
was observed (Figure 4) at 48h, when initial protein
deposition occurred, indicating that conditioning film
protein formation was delayed on PVC, compared
with the other materials. The observed decrease in the
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contact angles of PVC (Figure 5) within the first 12h
(Tukey’s test, p < .05) could be due to the adsorption
of conditioning film components other than proteins,
as conditioning films are composed of a mixture of
different molecules such as glycoproteins, humic
acids, lipids, aromatic amino acids, nucleic acids,
uronic acids and polysaccharides, in addition to pro-
teins (Jain and Bhosle 2009; Thome et al. 2012).
Therefore, analyzing which of these components of
the conditioning films is the primary contributor to
the reduction in the contact angle on PVC within
12h might help understand the delay in protein
adsorption on PVC. The fractional change in proteins
between 12 to 48h in regime 2 was higher on glass
(1.6), PMMA (2.4) and HDPE (1.2) when compared
to PC (0) and PTFE (0.3) (Figure 8), which could be
a reason for the rapid initial adhesion of Anabaena
cells to glass, PMMA and HDPE within 48h (Figure
4). Between 60 and 96 h, PC (7.9) and PTFE (9.8) sur-
faces showed higher fractional increases in proteins
than the other materials, which may correspond to
the higher rate of attachment of engineered Anabaena
cells on these surfaces in the third regime (Figure 4).
The fractional increase in polysaccharide depos-
ition varied with respect to the different materials. A
higher fractional increase in polysaccharides was
observed on glass (1.5) and HDPE (0.9) between
12-48h in regime 2. Even though rapid colonization
of Anabaena was observed on PMMA (Figure 4), the
fractional increase in polysaccharides was low (0.2)
when compared with glass and HDPE between 12
and 48 h. Similarly, despite the overall higher attach-
ment of Anabaena on PC and PTFE surfaces at 96h
(Figure 4), the fractional increase in polysaccharide
deposition was lower (0.4 for PC and 0.6 for PTFE)
than for HDPE (3.1) in the third regime. Therefore,
even though extracellular polymeric substances rich in
polysaccharides were reported to play a major role in
bacterial adhesion to substrata, these results suggest
that polysaccharide production may not be the sole
mechanism responsible for different attachment
behavior of engineered Anabaena on these materials.
Altogether, the FTIR results revealed that the frac-
tional change in the deposition of proteins on the dif-
ferent materials correlated reasonably well with
Anabaena cell adhesion in regimes 2 and 3, while
polysaccharide deposition was found to be surface
dependent. Therefore, the nature of the different con-
ditioning film proteins initially adsorbed in regimes 1
and 2 could be the key determinant of the extent of
Anabaena adhesion to PBR materials. This indicates
the important role of surface chemistry over material

hydrophobicity and roughness in
Anabaena attachment to PBR materials.

controlling

Conclusions

Knowledge on the mechanisms of adhesion is neces-
sary in order to prevent cyanobacterial adhesion to
photobioreactor materials. Understanding the initial
steps in biofilm formation such as conditioning film
adsorption and its influence on the physico-chemical
nature of the PBR surface is a prerequisite for gaining
insights into the adhesion mechanisms of engineered
Anabaena. Although a change in contact angles was
observed within the first 6 to 12h of the immersion
of materials in an Anabaena suspension, conditioning
film proteins were not evident on PTFE or PVC up
to 24-48h, whereas they appeared to be present on
glass, PMMA, HDPE and PC within 12h. This sug-
gests that the time it takes for the formation of condi-
tioning film proteins and the initial adhesion of
Anabaena depends on the nature of the material and
can be much longer for some materials (such as PVC
and PTFE) than for others. Carboxylate, sulphate and
phosphate group enriched polysaccharides were found
to be involved in irreversible adhesion of engineered
Anabaena on glass, HDPE and PTFE. Even though
the initial colonization of Anabaena was relatively
rapid on hydrophilic glass and PMMA (within the
first 12-48h), the rate of attachment of Anabaena to
these substrata was relatively low in the 60-96h
period. This suggests that the engineered Anabaena
may have had difficulty in replacing the surface
bound water molecules to adhere to glass and
PMMA. This confirms that hydrophilic materials such
as glass and PMMA, with the ability to bind water
molecules strongly through electrostatic or hydrogen
bonding interactions, may be effective in creating a
barrier for cell adhesion, and these materials may be
worthy of further investigation as AF surfaces. The
delay in protein adsorption on PVC until 48h sug-
gests that proteins may not be responsible for the
decrease in hydrophilicity of PVC in regime 1. An in-
depth understanding of the binding mechanisms of
the conditioning film proteins and the negatively
charged carboxylate and sulphate/phosphate groups
with the different substratum materials may lead to
the successful design of AF PBR materials.
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