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The climate crisis has led to a growing demand for environmentally oriented approaches in the construction
industry, including not only eco-friendly materials, but also the greening of urban spaces. Microbial facade
greening with algae is a novel concept based on the inherent bioreceptive properties of different building ma-
terials. This study focuses on the influence of physical material properties on biofilm formation. Differently
textured samples from the same UHPC mix were produced and their roughness and water absorption docu-
mented. The samples were then weathered under laboratory conditions to observe material-algae interactions.
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formation of subaerial biofilm. These biofilms are

complex systems made of different groups of or-

ganisms such as algae, bacteria, fungi, and cyanobacteria glued together by an extracellular polymeric sub-
stance /3-5/. Long term, biofilm formation cannot be prevented efficiently as this ecological niche has been
successfully conquered by specifically adapted organisms /3/. Implementing biofilms in the material design
does not only green the facades, but also has other positive effects like decreased biocide use. On a larger
scale, phototrophic biofilms are even expected to lower the urban heat island effect and increase air quality.

When it comes to designing a microbially greened fagade, suitable materials and a corresponding, desirable
biofilm must be developed /6, 7/. Various factors influence the bioreceptivity of materials, adding complexity to
the phenomenon (Figure 1). The substrate itself is of particular interest, as it offers significant opportunities for
optimization, thereby influencing the entire process. Material parameters that affect that material intrinsic bio-
receptivity are often categorized into chemical and physical characteristics /8/. Physical parameters such as
roughness, porosity, and water retention capacity are known to have a strong impact on bioreceptivity /6, 9/.
While chemical parameters are sometimes considered less critical, they are particularly important in the con-
text of concrete due to its high initial alkalinity, making pH value crucial for biological colonization. Other key
chemical factors include the availability of nutrients and the incorporation of potential biocides.

To test the effects of both chemical and physical parameters, a multi-level approach to measuring the biore-
ceptivity of a material has been developed. While the first level focuses on the influence of chemical parame-
ters under sterile laboratory conditions, the second level described in this manuscript investigates the influence
of physical parameters in a non-sterile laboratory weathering setup.
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2 Material and Methods

The influence of the physical material parameters was evaluated on the second level of the test setup devel-
oped at BAM. For testing , a specific ultra high-performance concrete (UHPC) mix was used to produce sam-
ples. Different textures were imprinted onto the surface, resulting in different sample sets with same underlying
base chemistry, but different physical properties. Over time, differences in the chemical parameters may occur,
but these are a direct result of the physical parameters, e.g., a higher roughness is expected to lead to faster
carbonation and a lower pH value /2/.

2.1 Material

2.1.1 Concrete

This study investigated the concrete mix NANODUR® Compound 5941 from Dyckerhoff GmbH combined with
fine-grained quartz sand (0/2), enabling the imprinting of delicate surface structures. A low water-to-cement
ratio of 0.19 was achieved using the BASF SE superplasticiser MasterGlenium ACE 394. Formwork oil was
avoided in the sample preparation due to potential negative effects. Various surface structures were designed
based on literature to simulate different water retention, roughness, and porosity characteristics, using ex-
panded clay, textiles, and structured molds. A non-structured reference surface was also included.

2.1.2 Organisms

The test organism Jaagichlorella sp. (AB13.021D5; Beck et al., in preparation) is a green coccoid alga which
was isolated from a North-West exposed outdoor wall in Berlin prior to this study. It was chosen as representa-
tive of local subaerial algal colonization and for its easy laboratory handling.

The alga was cultivated in liquid culture (Bold’s Basal Medium) in controlled conditions (12/12 hours day/night,
20°C, ~100 pymol/s/m?) to develop biomass. Before the experiment, the microorganisms from the liquid culture
were inoculated on agar plates (solid Bold’s Basal Medium) in concentration of 108 cells/cm? and let grow for
about two weeks in controlled conditions (12/12 hours day/night, 18°C, ~10 pymol/s/m?). Immediately before
the experiment, the algal biomass was harvested from the plates and suspended in water at the wanted con-
centrations.

2.2 Methods

2.2.1 Material characterization

For roughness measurements a laser based profilometer (optical sensor system by Form + Test) has been
implemented.

Water retention was measured with NMR (NMR Mouse), water contact angles (DataPhysics OCA) and sorp-
tion coefficient (adapted from DIN EN 13057). The combination of methods allows to determine between ab-
sorbed water and the actual bioavailable water stored in the upper most layers accessible for organisms.
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2.2.2 Laboratory Weathering

The second level of the bioreceptivity assessment,
consists of a nonsterile laboratory weathering (Figure =%
2) with sample inclination and an irrigation system. Data:
The shear stress exerted by flowing water on the sur- i el Temperature
face mimics rain event on facades and allows to as- Ll —
sess whether a surface promotes attachment. The %
day/night cycle of 12h/12h was implemented by LED |
arrays. The irrigation system rans on deionized water Timer
and was set to irrigate every 3h for 1 minute during Irrigation
the daytime of 12h. Additional fog humidification en-
sured sufficient humidity of at least 80 % RH during /
the day and at least 90 % RH at night. U

Timer
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Drainage

Prior to the weathering experiment, samples were au-
toclaved, and then inoculated under sterile conditions
with 107 algal cells. Algae were dropped onto the sur-
face as a 5 yl suspension, resulting in a small initial
area covered by algae and enabling to monitor the
growth easily. After 2 days of algae acclimating themselves to the substrate in a climate chamber, samples
were transferred to the laboratory weathering chamber. For documentation purposes, the temperature and
humidity data were logged once every 10 min throughout the experiment duration of three months. Regularly,
samples were taken out of the chamber and the colonization process documented.

Figure 2: Laboratory weathering set up

2.2.3 PAM-Fluorometry

Chlorophyll fluorescence is a widely used phenomenon to assess the performance of phototrophic organisms.
One way to measure this is Pulse Amplitude Modulation Fluorometry (PAM-F). The method emits controlled
pulses of light to samples and records the resulting chlorophyll fluorescence as an arbitrary unit. Performing
measurements over time shows how the organisms perform and develop on a given substrate. The device
used in this study was a MINI Version IMAGING-PAM M-Series with a blue measurement head from the Heinz
Walz GmbH and the corresponding software ImagingWin v2.56zn. Imaging PAM Devices have the additional
advantage of visualization, making it easy to see even initial stages of biofilm formation characterized by low
cell densities. During measurements, the measuring light intensity was set to 3, saturation pulse intensity to 1
and the gain to 1. PAM Imaging Data was further analyzed with ImageJ to calculate the percentage of the area
covered with algae.
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3 Results

3.1 Material characterization

The structures implemented are visualized in Figure 3.
The samples were named after their manufacturing pro-
cess, starting with Blanco at the top, followed by Vinidur,
Textile and Clay.

The first concrete surface is called Blanco and is compa-
rable to a standard UHPC concrete surface. It is not
structured and was implemented as a reference. It shows
the lowest surface roughness (25.53 +/- 8.5 ym) and ex-
hibited the lowest sorption coefficient after 2h (0.01
kg/(m? h®®)) of the surfaces. Contact and roll off angles
done with 10 yl show a hydrophilic contact angle <90°,
and droplets adhering to the surface even in vertical po-
sition.

Vinidur is the second surface and quite similar to Blanco.
Even though there is a structure imprinted, the surface is
still smooth and dense. The recorded Ra value (62.38 +/-
7.0 um) reflects the texture, but there is no microstruc-
ture, no porosity. This structure shows hydrophilic con-
tact angles and can hold 10 yl droplets even in a vertical
position. The water sorption coefficient is a little bit higher
after 2h (0.02 kg/(m? h®?%)) than in the previous case, but
still neglectable. NMR results confirm this data further:
While water is able to penetrate the material slightly
deeper, the magnitude of water retention is still compa-
rable to the Blanco surface.

Textile shows a roughness of 62.38 +/- 7.0 ym and in
contrast to the previous textures, it also shows porosity.
This is due to the manufacturing process, in which con-
crete was poured onto a textile. After hardening, the tex-
tile was ripped out of the upper most concrete layer, re-
sulting in a porous surface. This also leads to water ab-
sorption and water contact angles could not be meas-
ured. The sorption coefficient after 2h was the highest
recorded (0.06 kg/(m? h%%)) and the NMR results confirm
this higher water storage withing the upper most layers
in the material.

For the Clay structure, expanded clay aggregates were
sprinkled onto the surface. This resulted in a mix of bare
concrete surface and clay aggregates and therefore two,
very different surfaces in one sample. The measured,
combined roughness reads 98.53 +/- 23.9 uym. While the
concrete part of the sample is like Blanco and does not
exhibit porosity, the expanded clay aggregates do. The
aggregates soak up water, leading to not measurable wa-
ter contact angles. NMR and water sorption after 2h (0.03
kg/(m? h%%)) suggest an intermediate water retention ca-
pability in comparison to the other three surfaces.

Figure 3: Overview of the produced sample
structures, from top to bottom: Blanco,
Vinidur, Textile, Expanded Clay. The left
side shows digital microscopy images
with a sample diameter of 3 cm, whereas
the right side shows scans of the respec-
tive surface as a 10 cm x 10 cm sample.
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3.2 Laboratory weathering

Over the course of the laboratory weathering, samples exhibited strong differences in their bioreceptivity. Fig-
ure 4 shows an example of the chlorophyll fluorescence data obtained with Imaging PAM-F on a Clay sample
with the starting concentration 107. Within the first three weeks, the fluorescence parameter FO correlated to
biomass declines as algae are washed from the surface by irrigation. After a lag phase of ~1.5 months, re-
maining algae cells caught in the structure are acclimated to their new environment and start growing. This
results in an increase in chlorophyll fluorescence (FO) measured at the later stages of the weathering experi-
ment.

FO Imaging PAM

Clay 6 high day 0 Clay 6 high day 1 Clay 6 high day 2 Clay 6 high day 9

Clay 6 high day 20 Clay 6 high day 49 Clay 6 high day 84 Clay 6 high day 112

Figure 4: Chlorophyll a fluorescence (F0) as displayed in the Imaging PAM Software of the sample Clay 6
over the course of 4 months. Intensity can be correlated to biomass.

These images (Figure 4) were also used for ImageJ
analysis calculating the area coverage (Figure 5).
The two denser surfaces, Blanco and Vinidur, did
not provide sufficient roughness for the algae to at-
tach and permanently anchor themselves to the ma-
terials. As algae are washed off quickly, data shows
a fast decline in biomass within the first 9 days and
no recovery over the duration of the experiment.
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The other two surfaces, Clay and Textile did show )

an initial decline, but after a lag phase a subsequent
increase in biomass. As these are the two structures
providing porosity, they offered better attachment
points for the algae to withstand the shear stress ex-
erted by the irrigation system. This data confirms
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that the surface structure strongly influences attach- 0 20 40 60 80 100
ment and growth of organism. Moreover, it shows Days

Textile performs well due to its water retention and  Figure 5: PAM-F Data over the duration of four
porosity and that these factors have a bigger impact months. The FO biomass values were ana-
than roughness on larger scale as implemented in lyzed, and the area covered by chlorophyll
Vinidur. Curiously, Clay performed differently than fluoresce in % was calculated with ImageJ.
expected. Instead of growing on the expanded Clay, This graph only visualized algae inocula-
algae grew in between the clay aggregates on the tion of 107 cells

bare concrete (Figure 4). The aggregates do not
seem to be a preferable habitat, but rather to influence the flow of water on the surface and thus protect algae.
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Conclusion

Research on bioreceptive materials has greatly increased over the last years, yet significant challenges persist
due to the interdisciplinary nature of the field. Missing standards and experimental frameworks remain a critical
issue, as up to date, there is no way to accurately determine or predict the bioreceptivity of substrates. This
lack of standardization also leads to issues in data comparability and even contractionary results. Thus, the
establishment of a comprehensive framework becomes crucial. A structured three-stage approach to address
this gap has been developed.

1.

The initial stage involves axenic experiments to assess the chemical compatibility between materials
and algae and the effect of adding nutrients, described in J. Cook's study.

The second stage focuses on laboratory weathering techniques as outlined in this article. This step
assesses how the physical material properties influence the biocolonization process under controlled
laboratory conditions. Results show a crucial influence of physical material properties when it comes
to attachment and the successive growth of algae. Surface structures with increased roughness can
profoundly alter the flow of water over the surface and protect the organisms from shear stress. After
a lag phase in which the algae transferred from the liquid acclimate to the new environment, these
structures prove to facilitate growth. In contrast on the dense and smooth surfaces the algae were not
able to adhere once subjected to shear stress.

In the third phase, a multi-year outdoor weathering of building samples will be evaluated and compared
to the earlier stages.

By implementing these stages systematically, we aim to enhance comparability across studies and facilitate
advancements in the field of bioreceptive materials design.
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