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Nanoscale characteristics of conditioning film development on
photobioreactor materials: influence on the initial adhesion and biofilm
formation by a cyanobacterium

Suvarna N. L. Talluria,c, Robb M. Wintera,b and David R. Salema,b,c

aDepartment of Chemical and Biological Engineering, South Dakota School of Mines and Technology, Rapid City, SD, USA;
bComposites and Polymer Engineering Laboratory, South Dakota School of Mines and Technology, Rapid City, SD, USA; cComposite
and Nanocomposite Advanced Manufacturing – Biomaterials Center (CNAM-Bio), South Dakota School of Mines and Technology,
Rapid City, SD, USA

ABSTRACT
Adsorption of conditioning films on a solid surface is the first step in the development of bio-
films. With the goal of understanding the preliminary adhesion mechanisms of cyanobacteria on
photobioreactor (PBR) materials to prevent biofouling, the physical changes occurring on PBR
materials were investigated during the initial adhesion and biofilm formation by Anabaena sp.
PCC 7120, a cyanobacterium that is genetically modified to produce linalool. Atomic force
microscopy (AFM) revealed that the conditioning film deposition was in the form of spike-like
structures on all the materials except PVC. The average heights (in the range 9� 16nm) of the
conditioning films deposited on glass, PMMA, PC and HDPE were 11 to 20 times higher than on
PVC at 96h. The time dependent change in thickness of conditioning films correlated well with
Anabaena cell attachment to the PBR materials. The rapid and significant colonization of
Anabaena on glass within 48 h was consistent with the increase in thickness of the conditioning
film within this time period. Lack of the conditioning film spike structures and no change in
thickness of the conditioning films with time on the PVC together with comparatively delayed
cell attachment and conditioning-film protein deposition on this material, indicated that the
nanoscale spike structures on the other PBR materials may be accelerating the cell attachment
process but are not a prerequisite for cell attachment. These results suggest that PVC should be
explored further as an antifouling material for photobioreactors. The thickness of the condition-
ing films on glass measured by a scratch and scan method was in good agreement with the
thickness values measured by an adhesive tape method, indicating that both these methods
can be used for fast and reliable AFM thickness determination of bacterial conditioning films.
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Introduction

Biofouling is a pervasive and problematic phenom-
enon occurring on materials where bacteria are preva-
lent, especially in aquatic environments (Bixler and
Bhushan 2012), and it can often cause failure of
equipment and devices (Preedy et al. 2014). Examples
include biofilm colonization on medical devices,
microbial corrosion on industrial equipment, biofilms
in food processing equipment (Preedy et al. 2014)
and biofouling on ship hulls (Thome et al. 2012). In
addition, microalgal biofouling in photobioreactors
reduces the light transmission efficiency of the photo-
bioreactor (PBR) wall materials leading to decreased
algal biomass productivity (Brennan and Owende
2010; Dasgupta et al. 2010; Dragone et al. 2010;
Harris et al. 2013; Talluri et al. 2020), and requiring

frequent shut down of the PBRs for cleaning (Harris
et al. 2013; De Vree et al. 2015; Talluri et al. 2020).
Cyanobacterial based biofuel production is gaining
importance due to its ability to utilize CO2 and sun-
light to produce O2 and high value chemicals (Parmar
et al. 2011; Talluri et al. 2020), but only a few reports
are available on antifouling technologies for the PBRs
(Wang et al. 2017; Zeriouh et al. 2017, 2019; Talluri
et al. 2020), and studies on bioadhesion and the bio-
fouling mechanisms of cyanobacteria on PBR materi-
als are lacking.

In the complex, multi-step process of biofouling,
adsorption of dissolved organic matter onto the mate-
rials is considered the first step, known as condition-
ing film formation (Francius et al. 2017). The
deposited conditioning films modify the surface
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physico-chemical properties of the materials, such as
roughness, surface charge, chemistry, and surface
energy within a few minutes to hours, which influen-
ces subsequent bacterial adhesion and biofilm forma-
tion (Thome et al. 2012; Francius et al. 2017; Talluri
et al. 2020). Most of the current literature on condi-
tioning films has focused on determining their elem-
ental chemical composition by X-ray photoelectron
spectroscopy (XPS) (Compere et al. 2001; Hwang et
al. 2012a, Hwang et al. 2012b, 2013; Yang et al. 2016)
and their surface chemical functional groups by
Fourier transform infrared (FTIR) spectroscopy or
Infrared Reflection Absorption Spectroscopy (IRRAS)
(Ladner et al. 2010; Lorite et al. 2011; Thome et al.
2012; Talluri et al. 2020). Studies have shown that in
addition to the surface chemistry, the physical nature
of the conditioning films deposited on materials could
also play an important role in the early adhesion pro-
cess (Compere et al. 2001; van der Aa and Dufrene
2002; Francius et al. 2017).

Given that conditioning films are in the order of a
few nanometers in thickness (Thome et al. 2012),
atomic force microscopy (AFM) provides a useful
technique to explore their physical nature in three
dimensions. Although both AFM and spectral ellips-
ometry (Thome et al. 2012, 2014) are non-destructive
techniques that can be used to measure conditioning
film thickness, the thickness calculations used in spec-
tral ellipsometry are not straightforward (Hong et al.
2011). AFM, on the other hand, offers many com-
parative advantages such as high vertical resolution
(< 0.1 nm), and no prior knowledge is needed of the
physical properties of the conditioning films (Lobo et
al. 1999; Hong et al. 2011; Pascu and Dinescu 2012;
Francius et al. 2017). AFM also permits quantitative
characterization of interfaces, a morphological view of
the surface (Gesang et al. 1995), and relatively fast
image acquisition time (Beech et al. 2002). Moreover,
three-dimensional topographical information obtained
at higher resolution (Gazze et al. 2013) can help to
provide a mechanistic understanding of conditioning
film formation at the nanoscale.

In this study, AFM was used to investigate the
physical nature of the conditioning films deposited on
PBR materials and its influence on initial adhesion of
Anabaena sp. PCC 7120, a filamentous nitrogen fixing
cyanobacterium with the ability to survive high levels
of CO2 (Thomas et al. 2005), and an excellent host
for the production of high value chemicals and the
removal of heavy metals from industrial wastewater
(Ruffing 2011). The Anabaena sp. PCC 7120 used in
the present study was genetically engineered to

produce oxygen and linalool (a platform chemical)
directly from CO2 and sunlight, for potential applica-
tion in space colonizing missions (Duke 2011; Zhou
and Gibbons 2015). As described by Wang et al.
(2012), the design criteria for PBRs, whether of the
flat panel or the tubular type, require wall materials
that satisfy the transparency requirements as well as
the mechanical properties for PBR construction.
Widely used PBR materials that satisfy these basic
requirements are glass, polyvinyl chloride (PVC), poly
(methyl methacrylate) (PMMA), polycarbonate (PC)
and, most commonly, polyethylene (PE) (Wang et al.
2012; Genin et al. 2014). These materials were there-
fore used as model substrata in the present study and
in a related report (Talluri et al. 2020). Here, the
focus is on characterization of the surface roughness,
thickness and topography changes resulting from the
deposition of the conditioning films on these PBR
materials, before and during the initial attachment of
the engineered Anabaena (for up to 96 h), with the
goal of gaining insights into the influence of condi-
tioning films on microbial adhesion mechanisms. This
knowledge may ultimately help to devise strategies to
prevent Anabaena adhesion and the resulting bio-
film formation.

Materials and methods

Materials and preparation

For the glass substratum, soda lime glass microscope
slides (25� 75� 1mm) (Cat. No. 12-544-4) were pur-
chased from Fisher Scientific (Pittsburgh, PA, USA).
The polymer substrata materials, purchased from
Goodfellow Corporation (Coraopolis, PA, USA), were
poly (methyl methacrylate) (PMMA) (Cat. No. 531-
676-08), poly vinyl chloride (PVC) unplasticized (Cat.
No. 560-572-61), polycarbonate (PC) (Cat. No. 646-
279-93), and high-density polyethylene (HDPE) (Cat.
No. 894-690-40) sheets (thickness of 1mm). Further
information on the properties of these transparent
polymer materials can be found at http://www.good-
fellowusa.com. All the materials were cut into cou-
pons of 50� 15mm. Glass coupons were sonicated in
1N HCl for 10min, vigorously rinsed in deionized
water, 70% alcohol and again rinsed with deionized
water (Hwang et al. 2012b). All the polymer coupons
were rinsed in 70% ethanol followed by vigorous rins-
ing in deionized water (Cui et al. 2013). After the
cleaning procedure, all the substratum coupons were
stored in a flask containing sterile deionized water
until used for experiments.
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Cyanobacterium and culture conditions

A genetically engineered cyanobacterium, Anabaena
sp. PCC 7120 which produces a high value chemical,
linalool, was used as a model cyanobacterium in this
study (Zhou and Gibbons 2015). Linalool producing
Anabaena (engineered Anabaena) was provided by
Drs R. Zhou and W. Gibbons of the Biology and
Microbiology department at South Dakota State
University, Brookings, SD. The strain was cultured in
modified BG-11 medium containing 1.5 g of NaNO3,
0.0366 g of MgSO4�H2O, 0.036 g of CaCl2�2H2O,
0.04 g of K2HPO4�3H2O, 0.006 g of citric acid, 0.006 g
of ferric ammonium citrate, 0.001 g of EDTA (diso-
dium magnesium salt), 0.02 g of Na2CO3 and 1ml of
trace element mix A5þCo dissolved in 1 l of deion-
ized water. The trace element mix A5þCo solution
contained 2.86 g of H3BO3, 1.81 g of MnCl2�H2O,
0.222 g of ZnSO4�7H2O, 0.39 g of Na2MoO4�2H2O,
0.079 g of CuSO4�5H2O, 0.0494 g of Co (NO3)2�6H2O
dissolved in 1 l of deionized water (Rippka et al. 1979;
Zhou and Gibbons 2015). The initial pH of the modi-
fied BG-11 medium was 7.1. The engineered
Anabaena was inoculated in 200ml sterile BG-11
medium containing 100mg ml�1 neomycin and incu-
bated at 30 �C at 150 rpm in an orbital incubator
shaker under the light intensity of 25-30 microein-
steins m�2 s�1 (Rippka et al. 1979; Zhou and
Gibbons 2015). Throughout the study, the engineered
Anabaena was cultivated under atmospheric air until
the culture reached the exponential phase (optical
density between 0.7� 0.8).

Initial adhesion of genetically engineered
cyanobacterium to PBR materials

A method described by Irving and Allen (2011) and
modified by Talluri et al. (2020) was used to conduct
the initial adhesion and biofilm formation assay of
genetically engineered Anabaena. Agar media were
prepared by adding 1% agar in BG-11 medium and
sterilized by autoclaving at 121 �C for 20min.
Neomycin (100mg ml�1) was added to the sterile agar
media and 30ml of the agar medium was poured into
several 100mm large Petri dishes. The agar was cut
with a sterile scalpel blade and glass and the polymer
coupons of 50� 15mm were securely inserted. Three
replicate Petri dishes were prepared for each time
interval and material in a similar manner and 30ml
of engineered Anabaena cell suspension (8� 107 cells
ml�1) containing 100 mg ml�1 neomycin were added
to the Petri dishes. The dishes were incubated at
30 �C under the light intensity of 25-30 microeinsteins

m�2 s�1 without shaking. Three replicate coupons
were retrieved for all the materials at each time inter-
val up to 4 days during the course of engineered
Anabaena adhesion tests (Irving and Allen 2011;
Talluri et al. 2020). The coupons were gently rinsed
in deionized water to remove loosely bound cells, air
dried at room temperature overnight (Irving and
Allen 2011; Talluri et al. 2020) and analyzed by
atomic force microscope as described in the following
section. The images of engineered Anabaena cells
adhered to the PBR materials were captured by using
an upright microscope (Carl Zeiss Axio Imager.M1m,
Thornwood, NY, USA), processed in ImageJ
(Rasband 1997) and the percentage area coverage of
Anabaena on the different PBR materials was calcu-
lated (Talluri et al. 2020). Additional details about the
ImageJ processing and calculation of mean percent
area coverage of engineered Anabaena can be found
in Talluri et al. (2020).

Atomic force microscopy (AFM)

Surface topography and phase images of the PBR
materials subjected to an adhesion assay for up to
96 h were captured by a multimode atomic force
microscope (Multimode 8, Bruker, Santa Barbara, CA,
USA). The AFM was operated in tapping mode using
a silicon probe purchased from Bruker AFM probes
(Bruker AFM probes, Camarillo, CA, USA) with a
spring constant of 3N m�1, a height of 15-20mm, a
radius of 8 nm, and a resonance frequency of 75KHz.
The surface topography and phase images of all the
materials were obtained with a maximum scan area of
13.5 mm � 13.5 mm or 10 mm � 10 mm with E scanner.
At least five random locations from each of the three
replicate coupons were captured by AFM to deter-
mine the surface roughness of the PBR materials dur-
ing Anabaena adhesion at different times. Images
were processed in Nanoscope 8.15 software using
Flatten and Clean Image commands prior to the ana-
lysis (Auerbach et al. 2000). Clean Image command
was applied to smooth the noisy image and Flatten
command was applied to eliminate the noise, bow
and tilt of the images. Roughness analysis function
was applied to calculate the root-mean-squared (Rq)
roughness of the conditioning films deposited on PBR
materials (Auerbach et al. 2000; Lorite et al. 2011).

A scratch and scan method (Uzum et al. 2012) was
used to determine the height and thickness of the
conditioning films deposited during adhesion of the
engineered Anabaena. A long narrow scratch a few
tens of nanometers in depth was made in the middle
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of the PBR material coupons using a size 5 sewing
needle (Dritz needle compacts, SC, USA) (Uzum et al.
2012) with the intent of penetrating the conditioning
film down to the surface of the substratum. At least
three images from each of the three replicates were
captured along the length of the scratch on all the
materials at different times. Analysis functions such
as section and step were performed on the topog-
raphy images to determine the height and thickness
of the conditioning films deposited on the different
PBR materials (Auerbach et al. 2000; Lorite et al.
2011). In section analysis, the height of the condition-
ing films (Rz) was calculated as the average difference
in height between the five highest peaks and the five
lowest valleys relative to the center line. In step ana-
lysis, the scratch was assumed to create a step
between the top of the conditioning film and the
exposed PBR surface (without conditioning film). The
average vertical distance between the two regions was
calculated as the thickness of the conditioning film
deposited on the materials.

A sticky tape method (adhesive tape method) was
conducted on glass to test the validity of the scratch
and scan method (Anderson 2009). To conduct this
method, an engineered Anabaena adhesion assay was
carried out as described in the previous section.
Briefly, the glass substratum was cut into three repli-
cate coupons of 25� 15mm and masked at the edge
with a clean adhesive tape under aseptic conditions
and incubated in the engineered Anabaena suspension
for 96 h. The coupons were retrieved from the growth
medium at 96 h, washed gently in deionized water to
remove loosely bound cells and air dried overnight.
The adhesive tape was carefully removed from the
glass coupons and the area that covers both the con-
ditioning film and the edge of the footprint of the
adhesive tape was scanned in three different locations
along the edge on each replicate coupon. Step analysis
was conducted on the resulting topography images
and the thickness of the conditioning films
was determined.

Statistical analysis

Mixed analysis of variance (mixed ANOVA) was con-
ducted to evaluate the statistically significant differen-
ces in mean surface roughness and thickness of
conditioning films deposited on the PBR materials at
different time intervals. At 96 h, the statistical differ-
ences in average height (Rz) of the conditioning films
on different PBR materials and the thickness of the
conditioning films on glass measured by the scratch

and scan method and adhesive tape method were
evaluated by univariate analysis of variance
(Univariate ANOVA). ANOVA was conducted fol-
lowed by Tukey’s post hoc test for multiple compari-
sons of means with Bonferroni correction. Replicate
coupons were nested within each material for all the
time intervals. Statistical analyses were conducted
using SPSS v27.0 statistical software.

Results and discussion

Conditioning films are biomolecules that are exuded
by microbial cells in suspension and can also be
exuded by the cells during their exploration of the
surface for initial attachment. In the authors’ previous
study on conditioning films and initial adhesion of
Anabaena on the PBR materials, based on FTIR spec-
troscopy, optical microscopy visualization, and con-
tact angle measurements, no indication was found of
cell attachment until after 12 h on any of the materials
tested (Talluri et al. 2020). Therefore, conditioning
films detected in the 6 h � 12 h interval are entirely
attributed to exudate from suspended or surface
exploring microbes. Evidence of reversible cell attach-
ment started to be detected at 24 h on some of the
materials, in the form of patches of residual extracel-
lular polymeric substances (EPS); and the glass sub-
stratum even showed a small amount of irreversible
cell attachment at this time interval (Talluri et al.
2020). Initial, irreversible colonization by the
Anabaena on the polymer PBR materials occurred in
the range of about 72 h; and by 96 h, all the substrata
showed varying degrees of irreversible cell adhesion
and early-stage biofilm development. The evolution of
cell adhesion for the different substrata is summarized
quantitatively in Figure 2 (adapted from Talluri et al.
2020), in terms of area covered by the cells.

In the present study, AFM was used to investigate
the physical nature of the conditioning films depos-
ited on photobioreactor materials, before and during
the initial adhesion of engineered Anabaena for up to
96 h. Surface topography and phase images were
acquired from the PBR materials retrieved from
Anabaena suspension at different time intervals (12,
24, 48, 72 and 96 h) within the conditioning and cell
attachment regimes described above. Physical proper-
ties such as surface roughness, height and thickness
of the conditioning films were measured. While proc-
essing the images in the software, only cell-free areas
were taken into consideration (Beech et al. 2005) in
order to specifically observe the nanoscale changes
occurring on materials due to adsorption of
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conditioning films during adhesion of the engineered
Anabaena. Clearly, conditioning film measurements
taken on samples after immersion for 12 h in the sus-
pension may include exudate biomolecules from both
the suspended cells and the adhered cells, and no
attempt was made to distinguish these contributions.

Figure 1 shows the time course change in root-
mean-squared roughness (Rq) of the PBR materials
during the adsorption of conditioning films. Mixed
ANOVA results revealed that there were statistically
significant differences in the average roughness
between different PBR materials F (4,60) ¼ 733.49, p
< .001 and across different time intervals F
(4.295,257.71) ¼ 30.07, p < .001. There was a signifi-
cant interaction effect between the time and material
F (17.18,257.71) ¼ 41.87, p < .001. A significant
decrease in roughness of HDPE within 6-12 h
(Tukey’s test, p < .05) was observed. The roughness
of glass, PMMA, PVC and PC did not significantly
change between 0-12 h (Tukey’s test, p > .05).
Between 12 h and 96 h, 3.6-fold and 2.1-fold increases
in the surface roughness of glass and PC (Tukey’s
test, p < .05) were observed. On the other hand, the
roughness of PMMA and PVC between 12 h and 96 h
was unaffected during the Anabaena adhesion pro-
cess. These results indicate that the adsorption of con-
ditioning film appears to smooth the surface of the
material with the roughest surface (HDPE) within the
first 12 h (decreasing Rq from about 22 nm to about
11 nm), while not significantly affecting the surface
roughness of the other substrata, which had much
lower initial Rq values, in the approximate
range 1� 4 nm.

From Figure 2, it is clear that Anabaena cells were
able to adhere to all the surfaces (see also, Talluri et
al. 2020). While it is not clear whether the reduction
in surface roughness was a prerequisite for Anabaena
cell attachment in the case of the HDPE substratum,
it is evident that Anabaena cells were able to adhere
to the other PBR surface materials without surface
roughness being significantly altered by adsorption of
the conditioning films.

The representative topography and phase images of
glass obtained from the scratch and scan method and
the respective line profiles obtained from section ana-
lysis of the topography images at different times are
displayed in Figure 3, and illustrate the time depend-
ent evolution of conditioning films on glass during
the initial adhesion of Anabaena up to 96 h. The pres-
ence of conditioning film was evident on glass in the
form of spikes with heights (Rz) increasing with time
(Figure 3), and it is evident that the conditioning film
adsorption continued during the adhesion of
Anabaena to glass. It was found that even though the
conditioning film spikes were present on glass within
6 h (data not shown) there was no significant differ-
ence in heights (Rz � 2 nm) of the conditioning film
spikes between 6 h and 12 h on glass.

Along with the conditioning film spikes, an indica-
tion of encapsulating (or capsule-like) structures
(shown with arrows) was observed around the
Anabaena cells in the topography and phase images
of the glass-substratum samples (Figure 4). Two pri-
mary classifications of extracellular polysaccharides
are capsular polysaccharides (CPS), where the poly-
saccharide is intimately bound to the cell wall, and
slime polysaccharides, where the polysaccharide is

Figure 1. Change in root-mean-squared (Rq) roughness of the
cell free areas of different PBR materials with time during the
initial adhesion of engineered Anabaena. Values at the zero
time scale represents the roughness (Rq) of clean PBR materi-
als. Error bars represent the standard errors (SEs) of the mean
(n¼ 3). The mean roughness and SE were calculated based on
three independent means at each time interval for all the
PBR materials.

Figure 2. Initial adhesion of engineered Anabaena cells on dif-
ferent PBR materials with time. Error bars represent ± SEs
(n¼ 3). The mean percentage area coverage and the SE were
calculated based on three independent means at each time
interval for all the materials. Reproduced with permission from
Talluri et al. 2020 (Biofouling 36: 183–199) and Taylor
& Francis.
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dispersed or loosely associated with the cell (De
Philippis and Vincenzini 1998; De Philippis et al.
2001). The CPS observed on the glass substratum
may be assisting in the adhesion of Anabaena to
glass. A similar observation was reported by Lorite et
al. (2013) during the early stages of Xylella fastidiosa
biofilm formation on glass. Interestingly, in the pre-
sent study, there was no evidence of capsule struc-
tures around the cells deposited on the polymer

substrata during Anabaena adhesion. While a defini-
tive explanation for this difference in behavior cannot
be provided at this stage, it could be associated with
the very hydrophilic nature (CA � 17�) of glass, com-
pared with the polymer PBR materials which had
contact angles between 85�and 93� (Talluri et al.
2020). There are two stages in the adhesion of bac-
teria to a surface: reversible adsorption, occurring at
the secondary minimum in surface interaction energy

Figure 3. Representative AFM topography (A, B, C, D, E and F) and phase (G, H, I, J, K and L) images of glass incubated in an
engineered Anabaena suspension for 0 h (A and G), 12 h (B and H), 24 h (C and I), 48 h (D and J), 72 h (E and K) and 96 h (F and
L). The left side of the topography and the phase images indicated with blue markers on the line represent the area of clean
glass surface/conditioning film deposited on glass surface at different times. The right side of the image represents the scratch
made on glass using a sewing needle. Line profiles (M, N, O, P, Q and R) resulting from section analysis of topography images
show the evolution of conditioning film on glass with time and the respective Rz and RMS values. Rz is the ten-point mean rough-
ness between the reference markers which is defined as the average difference in height between the five highest peaks and the
five lowest valleys relative to the center line. RMS is the SD of the Z values between the reference markers. All the images were
obtained with a scan area of 13.5mm � 13.5mm. Rz and RMS values are reported in nanometers.
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(�15 nm from the surface), and irreversible adsorp-
tion occurring at the primary minimum, � 1 nm
from the surface (Oliveira 1992). In some cases, the
cell may use EPS, including the capsular form, to
assist in bridging the distance between the secondary
and primary minima (Oliveira 1992). For the glass
surface, unlike the polymer surfaces, there is a lack of
hydrophobic interactions capable of overcoming
repulsion from the overlap of negative charges on the
cell surface and conditioning film. Therefore, in the
absence of significant assistance from hydrophobic
interactions, the Anabaena cells may produce CPS as
a strategy to transverse the secondary and primary
minima near the hydrophilic surface of the glass.
Furthermore, the results of the related FTIR study
(Talluri et al. 2020) revealed that, between 12 h and
48 h, the polysaccharide deposition was about 2 to 8
times higher on glass than on the polymer substrata,
supporting the notion that the cells favored utilization

of EPS for adhesion to the glass substratum and less
so, or not at all, for adhesion to the polymer sub-
strata. Indeed, the adhesion assay revealed that rapid
adhesion of Anabaena cells occurred on glass within
24 h, compared with no irreversible attachment on
the other materials until at least 48 h (Talluri et al.
2020). However, it should also be pointed out that a
bacterium can produce more than one type of adher-
ing polymer in response to different surface chemis-
tries and different stages of biofilm development
(Costerton et al. 1978; Mody et al. 1990; Ong et al.
1990). It is therefore possible, for example, that the
cyanobacterium might have produced chemically dif-
ferent CPS when initiating cell adhesion to glass and
polymers, such that rinsing the substratum coupons
in distilled water dissolved any CPS surrounding the
cells on polymer substrata but was unable to dissolve
the CPS surrounding the cells on the glass surface. In
any case, further investigation of the chemical nature
of different capsular polysaccharides released in
response to adhesion of cyanobacteria to substrata
with different surface chemistries may lead to a better
understanding of the absence or presence of CPS
around the Anabaena cells on these surfaces.

The heights of the conditioning films deposited on
glass and the different polymer materials at 96 h were
compared, and representative images are displayed in
Figure 5. At 96 h, the average height of the condition-
ing films deposited on glass (� 15.8 nm), PC (�
14.1 nm), HDPE (� 15.5 nm) and PMMA (� 8.9 nm)
was substantially higher than on PVC (� 0.8 nm)
(Tukey’s test, p < .05 for each combination). Figure 2
shows the higher Anabaena cell attachment on PC
(�3.6%) and HDPE (�1.6%) than on PVC (�1.0%),
but no significant difference in the percentage area
coverage of Anabaena was found between glass
(�1.5%), PMMA (�1.2%) and PVC (�1.0%) (Talluri
et al. 2020). These results indicate that there was no
direct correlation between the heights of the condi-
tioning films deposited on the PBR materials after
96 h and the level of Anabaena cell attachment within
this time period. However, a qualitative observation
of several AFM topography and phase images of PVC
revealed little to no indication of the conditioning
film spikes on PVC, unlike the other PBR materials
(Figure 5).

In the related FTIR study (Talluri et al. 2020), the
presence of proteins and polysaccharides before and
during the initial attachment of Anabaena on these
PBR materials was reported. Therefore, the spikes/
dot-like structures observed on PBR materials in this
study (Figure 5) are likely to be conditioning films

Figure 4. AFM topography (A) and phase (B) images of glass
incubated in engineered Anabaena suspension for 24 h.
Images were obtained with a scan area of 10mm � 10mm.

BIOFOULING 783



consisting of proteins and polysaccharide molecules.
Interestingly, the FTIR study showed that condition-
ing film proteins were present on glass, PMMA,
HDPE and PC within 12 h, whereas they were not
evident on PVC until 48 h, and increased only mod-
estly on this surface after about 84 h. The relatively
constrained development of conditioning film pro-
teins on PVC may be associated with the lack of the
spikes/dot-like structures on the PVC substratum,

which may in turn be responsible for the delay in the
onset of colonization of the engineered Anabaena on
this surface until about 72 h (Figure 2).

On glass, the conditioning films appeared as uni-
formly distributed spikes having close association
with one another, whereas in the case of PMMA, PC
and HDPE, they appeared as isolated dot-like struc-
tures of varying heights (Figure 5). Somewhat simi-
larly, an AFM study of the surface of a stainless-steel

Figure 5. Representative AFM topography (A, B, C, D and E) and phase (F, G, H, I and J) images of glass (A and F), PMMA (B and
G), PVC (C and H), PC (D and I) and HDPE (E and J) incubated in engineered Anabaena suspension for 96 h. The left side of the
topography and phase images indicated with blue markers on the line represent the area of conditioning film deposited on glass/
polymers at 96 h. The right side of the image represents the scratch made on glass/polymers using a sewing needle. The line pro-
files (K, L, M, N and O) obtained from section analysis of topography images show the conditioning films developed on glass (K),
PMMA (L), PVC (M), PC (N) and HDPE (O) at 96 h. Rz and RMS values displayed were obtained from section analysis conducted on
at least 3 images (5 different locations within each image) from each of the three replicate coupons for all the materials. Rz and
RMS values were reported as mean± SE of the three-independent means (n¼ 3) in nanometers. All the images were obtained
with a scan area of 13.5mm � 13.5mm.
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substratum that had been immersed in seawater
(Compere et al. 2001) revealed a heterogeneous cover-
age of conditioning films in the form of particles of
various sizes, which became denser with time. van der
Aa and Dufrene (2002) studied the surface of a poly-
styrene substratum after the adhesion of the
Azospirillum brasilense bacterium and observed the
presence of dot-like structures protruding from a con-
tinuous layer of adsorbed proteins, attributed to the
adsorbed proteinaceous EPS. Whereas the particulate
or spike-like conditioning film morphologies that
have been observed are expected to influence cell
attachment by, for example, creating high surface area
adhesion sites, their level of importance in ensuring
effective cell attachment is not well understood. The
observations in the present study of an essentially fea-
tureless conditioning film surface on PVC together
with the delayed onset of cell attachment on this sub-
stratum compared with the other PBR materials,
imply that the spikes or dot-like conditioning film
morphologies may aid or accelerate cell attachment
but are not a prerequisite.

Step analysis was performed on AFM topography
images obtained from the scratch and scan method to
determine whether the thickness of the conditioning
layer deposited on PBR materials has an influence on
Anabaena attachment. Step analysis of a representa-
tive AFM topography image is shown in Figure 6.
Table 1 shows the change in thickness of the condi-
tioning film with time on different PBR materials
determined by the scratch and scan method. The
thickness of the conditioning films after 96 h was
found to be � 8.0 nm on glass, 7.2 nm on HDPE,
6.2 nm on PC, 3.4 nm on PMMA and 3.8 nm on
PVC. Being < 10 nm in all cases, these numbers are
consistent with the thickness values of the condition-
ing films reported in the literature (Lorite et al. 2011;
Thome et al. 2012).

Between 12 and 48 h, the thickness of the condi-
tioning films increased by 2.2 times on glass, whereas
for the other materials, the change in conditioning
film thickness was not significant during this time
period (Table 1). This could be the reason for rapid
colonization and higher percentage area coverage of

Figure 6. Representative AFM topography (A) and phase (B) images of glass obtained from the scratch and scan method. The left
side of the image represents the conditioning film deposited on glass. The right side of the image shows the scratch created
using a needle. The box indicated with the dashed lines in the topography image represents the region used for step analysis. (C)
shows the result of the step analysis within this region (box with dashed lines). The region between the red markers where dam-
age to the glass by the needle appeared minimal was used as a step to determine the thickness of the conditioning film spikes.
The vertical distance between the average heights of the two regions (between the red and black markers) is referred to as the
thickness of the conditioning film deposited on the materials. Images were obtained with a scan area of 13.5mm � 13.5mm.
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the engineered Anabaena cells on glass (� 0.6%) than
on any other PBR materials (� 0.1% or less) at 48 h
(Figure 2) (Tukey’s test, p < .05 for each combin-
ation). It also supports the finding that the condition-
ing film spikes were observed on glass within 6 to
12 h whereas on the other materials (except for PVC)
the spikes/dot-like structures were observed at around
48 h (data not shown). A significant increase in thick-
ness of the conditioning films on PMMA (2.8 times),
PC (1.8 times) and HDPE (1.4 times) occurred
between 12 and 96 h (Table 1) (Tukey’s test, p < .05),
and qualitative interpretation of AFM images suggests
that the conditioning film structures deposited were
denser at 96 h than at 48 h on these materials. This
could be the reason why colonization of Anabaena
did not occur as rapidly and significantly on PMMA,
PC and HDPE as on glass, until after 48 h (Figure 2).
These results indicate that initial adhesion of
Anabaena occurs after the accumulation of these con-
ditioning film structures, which may be altering the
physical properties of the surface to provide anchor-
ing points or adhesion sites for the cyanobacterium,
to facilitate the adhesion process. The density of these
conditioning film structures and the time of depos-
ition may be crucial for facilitating the adhesion pro-
cess of Anabaena. Interestingly, no significant
increase in the thickness of the conditioning films on
PVC between 12 and 96 h (Table 1) (Tukey’s test, p
> .05) was observed, which appears consistent with
the infrequent occurrence of detectable conditioning
film structures, in the form of spikes or dots, in the
AFM images and AFM line profile of Figure 5. These
results indicate that the time dependent change in the
thickness of the nanoscale conditioning films corre-
lated reasonably well with the attachment behavior of
Anabaena on PBR materials. Together, these results
suggest that the thickness of the conditioning films as
well as their spatial and topological organization are
important determinants of the rate and extent of the
initial adhesion of Anabaena. In this regard, the study
provides evidence that, while the spike-like condition-
ing film morphology does not seem to be a

prerequisite for Anabaena cell attachment, these
nanoscale structures may accelerate the rate of attach-
ment. The higher incubation time for initial coloniza-
tion (� 72 h), the delay in conditioning film proteins
adsorption up to 48 h (Talluri et al. 2020) and the
absence of conditioning film structures on PVC sug-
gest that, among the PBR materials tested, this mater-
ial should be explored as a potential antifouling
material to delay and decrease the attachment of engi-
neered Anabaena, and perhaps other bacteria.

In order to check the validity of the scratch and
scan method in determining the thickness of the con-
ditioning films, a sticky tape method was conducted
on glass (Anderson 2009). Figure 7 shows the repre-
sentative AFM topography image of the glass
obtained by the sticky tape method after incubation
in engineered Anabaena suspension for 96 h. The area
under the sticky tape is shown on the left side and
the conditioning film deposited on glass is shown on
the right side of the image. The thickness of the con-
ditioning films found from this method was 7.0 (±
1.8) nm on glass at 96 h which is close (Tukey’s test,
p > .05) to the thickness of 8.0 (± 0.2) nm obtained
from the scratch and scan method. These results indi-
cate that AFM can be used successfully, not only to
determine the thickness of the conditioning films, but
also to extract quantitative nanoscale information
from the three-dimensional view of surfaces. This
demonstrates important advantages of AFM over
spectral ellipsometry which requires the input of
physical properties such as the refractive index of the
samples and the use of extensive mathematical models
to determine the thickness of the films (Hong et al.
2011), making it difficult to analyze samples whose
physical properties are unknown. Furthermore, accur-
ate measurement of film thicknesses < 10 nm is diffi-
cult with spectral ellipsometry (Pascu and Dinescu
2012). The methods described in the present study
can be applied to the examination of conditioning
films formed by a diverse range of fouling organisms
to better understand their adhesion mechanisms, lead-
ing to better control or prevention of biofouling, and
to the development of antifouling materials.

It may be noted that the BG-11 medium used in
this study is a commonly used growth medium for
culturing cyanobacteria in commercial photobioreac-
tors. On the other hand, no attempt was made to
reproduce the varied and construction-dependent
flow conditions of PBRs, which may certainly influ-
ence the development of conditioning films. All the
PBR materials were incubated under static conditions
without shaking or generating any flow conditions, so

Table 1. Thickness of the conditioning film deposited on PBR
materials obtained by the scratch and scan method.
Time (h) Thickness of the deposited film (nm)

Glass PMMA PVC PC HDPE
12 2.9 ± 0.6 1.2 ± 0.1 2.8 ± 0.3 3.4 ± 0.7 5.3 ± 0.6
48 6.4 ± 0.5 2.1 ± 0.5 3.1 ± 0.8 4.3 ± 0.8 5.4 ± 0.5
96 8.0 ± 0.2 3.4 ± 0.6 3.8 ± 0.5 6.2 ± 0.5 7.2 ± 0.7

Values represent the means ± the SEs of the three-independent means
(n¼ 3). Mixed ANOVA results revealed significant changes in the thick-
ness of the conditioning films between different PBR materials F (4,30) ¼
15.06, p < .001 and across different time points F (2,60) ¼ 22.48, p
< .001.
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as to create a well-controlled baseline environment
for the Anabaena cells to attach to the materials. This
batch culture experiment was conducted with the goal
of understanding the adhesion mechanisms of
Anabaena and was not designed to mimic fluid move-
ment in a PBR. Analysis of conditioning films formed
under continuous flow of a growth medium, use of
wastewater, and application of a CO2 enriched envir-
onment may be foci of future investigations. The pre-
sent work, and the related article (Talluri et al. 2020),
will provide a valuable reference line for
those studies.

Conclusions

Atomic force microscopy investigations of the phys-
ical appearance of conditioning films formed during
engineered Anabaena cell adhesion revealed that the
conditioning films were deposited as spikes/dot-like
structures on most of the PBR materials. Time

dependent changes in the surface roughness of the
PBR materials did not have a significant effect on
Anabaena cell attachment to the materials. The
increase in thickness of the conditioning films with
time was found to relate to the Anabaena attachment
process on the PBR materials more accurately than
surface roughness, and the formation time and extent
of the adsorbed conditioning film spike structures
were found to be material dependent. The higher sur-
face area resulting from these spike-like structures
may play a crucial role in providing effective adhesion
sites for Anabaena attachment to PBR materials,
resulting in efficient and quite rapid attachment of
the bacterial cells on glass, PMMA, PC and HDPE.
Conversely, the lack of conditioning film spikes and
the insignificant change in thickness of the condition-
ing films with time on PVC may be related to the
relative delay in both the adsorption of conditioning
film proteins and the initial attachment of the engi-
neered Anabaena cells on this surface. This result

Figure 7. Representative AFM topography (A) and phase (B) images of glass obtained from the adhesive tape method. The right
side of the image represents the conditioning film deposited on glass. The left side of the image shows the area that was under
the sticky tape. The box indicated with the dashed lines in the topography image represents the region used for step analysis. (C)
shows the result of the step analysis within this boxed region obtained in the form of average heights of the conditioning film
and the area under the adhesive tape. The region between the black markers where the interference by the sticky residue of the
tape appeared minimal was used as a step to determine the thickness of the conditioning films. The thicknesses of the condition-
ing film determined using step function in three different areas of each of the three replicate coupons were averaged. The aver-
age thickness of the conditioning film obtained by adhesive tape method was found to be 7.0 (± 1.8) nm on glass at 96 h. This
value represents the mean± the SE of the three-independent means (n¼ 3). Images were obtained with a scan area of 13.5mm
� 13.5mm.
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suggests that further exploration of PVC for future
consideration as an antifouling surface may be fruit-
ful. The thickness of the conditioning films on glass
measured by a scratch and scan method correlated
well with the results obtained from the adhesive tape
method, which indicates that both these methods
could be used interchangeably, as advantageous alter-
natives to spectral ellipsometry. Altogether, the results
from this AFM study demonstrate that analysis of the
physical property changes during the adhesion of
microorganisms on materials is as important as ana-
lyzing the surface chemistry changes by FTIR or XPS
for gaining an improved understanding of the mecha-
nisms involved in adhesion of bacteria to material
surfaces and for further development of antifoul-
ing materials.
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