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Abstract  Vertical greening systems are a promis-
ing solution to the increasing demand for urban green 
spaces, improving environmental quality and address-
ing biodiversity loss. This study facilitates the devel-
opment microbially greened algal biofilm facades, 
which offer a low maintenance vertical green space. 
The study focuses on concrete as a widely used build-
ing material and explores how physical surface char-
acteristics impact its bioreceptive properties. Concrete 

samples, produced from the same mix but differing 
in surface structure, were subjected to a laboratory 
weathering experiment to assess their bioreceptivity. 
A novel inoculation method was employed, involv-
ing a single initial inoculation with either alga (Jaa-
gichlorella sp.) alone, or a model biofilm consisting 
of a combination of the alga (Jaagichlorella sp.) with 
a fungus (Knufia petricola). The samples underwent 
four months of weathering in a dynamic laboratory 
setup irrigated with deionized water to observe suba-
erial biofilm attachment and growth. The formation 
of subaerial biofilms was monitored with high reso-
lution surface imaging, colorimetric measurements 
and Imaging  Pulse Amplitude Modulated Fluorom-
etry (Imaging PAM-F), with Imaging PAM-F proving 
the most effective. Statistical analysis revealed that by 
impacting surface pH value and water retention capa-
bility, surface structures significantly influence micro-
bial growth and that the concrete’s bioreceptivity can 
be influenced through thoughtful design of the mate-
rials surface. The inoculation of algae combined with 
a fungus facilitated the formation of a stable subaerial 
biofilm, enabling algae to colonize a surface structure 
that it could not colonize alone. This finding high-
lights the importance of modelling synergistic inter-
actions present in natural biofilms.
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1  Introduction

Ongoing urbanization [1] and deficiency of green 
areas in cities [2] comes with a range of problems. 
Without enough green spaces, mental and physical 
health of residents may decline [3–5] and air qual-
ity decreases [6]. Buildings are often constructed at 
the expense of or without sufficient compensation of 
green areas, which increases the urban heat island 
[7–9]. Moreover, overall microbial biodiversity is 
decreasing [10].

Vertical green spaces and green roofs are a sensi-
ble solution to the problem of lacking green spaces 
in urban regions [11, 12]. Greened facades can be 
realized with higher plants, usually implemented 
along with extensive irrigation and maintenance 
procedures. In recent years, the concept of biorecep-
tive materials fostering subaerial biofilm growth has 
gained attention as a low-maintenance alternative to 
traditional green facades, resulting in sustainable and 
self-sustaining green building envelopes [3, 13, 14].

The subaerial biofilms needed for this applica-
tion are complex miniature ecosystems consisting of 
different types of microorganisms that are perfectly 
adapted for colonizing the ecological niche of artifi-
cial hard substrates [15]. Their growth is ubiquitous 
and inevitable [16]. Subaerial biofilms were perceived 
negatively for a long time [17–21], resulting in regu-
larly repeating removal procedures and leading to loss 
of time, money, and in case of biocides, the release of 
chemicals into the environment [22]. Often this inva-
sive cleaning of biofilms is not necessary, since they 
may, but don’t have to damage the underlying material 
and often the damage is reported as mainly aestheti-
cally unpleasant [23]. A shift in the way people per-
ceive biofilms could pave the way for not only decreas-
ing cleaning efforts and the use of biocides, but for 
using biofilms on buildings to increase green spaces in 
urban regions and maintain local biodiversity.

To harness the potential applications of biofilms 
effectively, it is crucial to understand how commonly 
used building materials can support and sustain the 
formation of desired biofilms. The material property 
related to this is termed bioreceptivity and was first 
defined by Guillitte in 1995 as the aptitude of a material 
to be colonized by living organisms [24] and the defini-
tion has been further elaborated in 2020 by Sanmartín 
et al. [23]. Bioreceptivity is a dynamic property influ-
enced by environmental, biological, and material 

intrinsic factors—and over time their interactions with 
another. Bioreceptivity as a complex system needs fur-
ther research and standardization for it to be accepted in 
building industry for microbially greened facades.

This study presents a step towards the construc-
tion industry with materials testing required for future 
application cases in mind. The focus is on concrete, a 
ubiquitous and widely used building material. Its ver-
satility as artificial stone makes it specifically easy to 
design a material with the desired properties. As part 
of a holistic approach, a complementary study focuses 
on the material part of bioreceptivity and describes 
concrete sample production and material characteriza-
tion fitting the context of bioreceptivity [25]. In this 
study, biological and environmental parameters are 
addressed by developing a laboratory weathering set-
up which effectively tests for biological partnerships 
and documents biofilm formation in a defined way.

Regarding biological factors, representative micro-
organisms well established in subaerial biofilms must 
be used for meaningful bioreceptivity research, as 
studies showed strong difference in biofilm composi-
tion depending on the location and the type of sub-
strate [26, 27]. The genera of the two test microorgan-
isms—an alga and a fungus—chosen in this study are 
typical for local subaerial biofilm communities. The 
laboratory growth experiment involved samples inoc-
ulated with algae and others inoculated with a combi-
nation of both microorganisms.

To model the environment, the design of the labora-
tory weathering set-up is crucial. Fuentes et  al. sum-
marized the current state of commonly used laboratory 
set-ups as either dynamic, static, or other methods [28]. 
Static methods are described as horizontal storage of 
inoculated samples and with a water supply consist-
ing of spraying, condensation, or capillary action. 
Dynamic methods are defined as weathering experi-
ments with a sample inclination between 30° and 45° 
with a consistent water flow over the surface. Static 
set-ups are primarily suitable for assessing nutrient 
availability and chemical bioreceptivity of a mate-
rial [29] and can be used in toxicity assessments [30]. 
However, physical parameters relevant for microbial 
attachment like porosity, roughness and water retention 
determined by surface structure cannot be assessed in 
static set-ups. Instead, a dynamic approach modeling 
behavior under abrasive shear stress exerted by irriga-
tion was implemented.
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For documentation of algal growth on samples, high 
resolution surface imaging and colour measurements 
widely used were implemented [13, 31–33]. In addi-
tion, Imaging Pulse Amplitude Modulated Fluorom-
etry (Imaging PAM-F) was used to monitor the growth 
of photosynthetic algal cells by measuring chlorophyll 
fluorescence. This nondestructive method allows the 
monitoring of small quantities of algal cells and is 
particularly suitable for monitoring biofilm formation 
as modeled in the experiment. As the underlying sub-
strate does not emit a fluorescence signal, the contrast 
between areas with and without algal cells is strong 
and a clear distinction can be made, making Imaging 
PAM-F instruments with their spatial resolution espe-
cially suited for monitoring patchy algal growth [34].

The aim of the study presented is to assess the 
bioreceptivity of concrete in a defined, reproducible 
manner for future implementation in the development 
of microbial greened concrete facades. The three 
main contributors to biocolonization: material, biol-
ogy, and environment, are considered in detail and 
related to each other in a statistical analysis.

2 � Materials and methods

2.1 � Test Microorganisms

Representative organisms from the subaerial biofilm 
community known from façade biofilms, including 
species from the genera Jaagichlorella and Knufia 
were chosen for this study.

The algal test microorganism Jaagichlorella sp. 
(AB13.021D5; Beck et al., in preparation) is a green 
coccoid alga isolated from a northwest-facing outdoor 

wall in Berlin-Dahlem. It was cultivated under con-
stant shaking in liquid Bold’s Basal Medium (BBM) 
with a 12-h light/12-h dark photoperiod and with 
a light intensity around ~ 100  µmol photons/m2/s at 
20  °C. Prior to the experiment, the starting culture 
was inoculated onto BBM agar plates at a density of 
10⁶ cells/cm2 and incubated under controlled condi-
tions (12-h light/dark cycle, 18  °C, ~ 10  µmol pho-
tons/m2/s) for two weeks to reach the exponential 
growth phase.

The selected fungus Knufia petricola is a microco-
lonial black fungus known as a model representative 
of rock-inhabiting fungi [35–37] and for its symbiotic 
interaction with micro-algae [38] as well as with dif-
ferent mineral substrates [39, 40]. Cultivation was 
done at 25  °C on Malt’s Extract Agar (MEA) for 
7 days before being harvested.

2.2 � Concrete sample preparation and inoculation

The concrete samples used in this study are made 
from an ultra-high performance concrete (UHPC) 
mix imprinted with different surface structures. The 
key parameters of these structures, such as arithmetic 
roughness, surface pH value and bioavailable water 
(i.e., surface-near liquid water accessible to micro-
organisms), are detailed in a complementary study 
(Table 1) [25].

Four distinct surface structures with sample dimen-
sions of 5  cm × 10  cm were investigated (Fig.  1). An 
unstructured concrete surface called Blanco served as a 
reference surface. The surface structure Vinidur shows 
a grid like pattern and while exhibiting increased 
roughness, has a smooth and sealed off appearance 
similar to the reference surface Blanco. The surface 
structure Textile was produced through concreting on 

Table 1   Surface characteristics of the differently structured concrete samples used for statistical analysis as determined in the previ-
ous publication

The material properties (arithmetic) roughness, pH value of distilled water in contact with the concrete surface for 2 h, capillary 
water sorption coefficient and water uptake after 2 h adapted from DIN EN 13057, and wettability derived from water contact angles 
(*sorptive: material absorbs water droplets placed; **hydrophilic exhibits a water contact angle below 90°) are presented

Roughness
[μm]

pH value after 2 h Water sorption coefficient 
after 2 h [kg/(m2*√h)]

Water uptake after 
2 h [kg/m2]

Wettability

Textile 62.38 ± 7.0 9.6 ± 0.2 0.06906 ± 0.0039 0.09767 ± 0.0055 Sorptive*
Expanded Clay 98.53 ± 23.9 10.6 ± 0.4 0.04172 ± 0.0026 0.05900 ± 0.0036 Sorptive*
Vinidur 65.92 ± 25.6 10.4 ± 0.4 0.01862 ± 0.0046 0.02633 ± 0.0065 Hydrophilic**
Blanco 25.53 ± 8.5 9.9 ± 0.1 0.01556 ± 0.0043 0.02200 ± 0.0061 Hydrophilic**
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a textile and ripping it out of the material after hard-
ening, leading to a sorptive and porous surface. The 
fourth surface structure Expanded Clay was produced 
through adding expanded clay aggregates onto the 
hardening concrete, leading to a surface with mixed 
surface properties combining those of the aggregates 
and those of the unstructured concrete surface.

For the laboratory growth experiments, these dif-
ferently structured concrete samples were sterilized 
in an autoclave and then put on agar in Petri dishes 
to maintain stable humidity. To enhance algal attach-
ment, surfaces were pre-coated with 4 × concen-
trated, liquid algal media (BBM, 88.4 µL/cm2) before 
inoculation.

The biomass for inoculation was harvested from 
plates and suspended in liquid. Desired concentra-
tions were achieved via cell counting. The growth 
experiment involved two types of inoculation: one 
with only algal cells and the other with a mixed inoc-
ulation of algae and fungi. For the algal inoculation, 

each sample was inoculated with 10 μL of Jaagichlo-
rella sp. suspension. Two droplets, each with different 
concentrations (10⁶ and 10⁷  cells/ml), were applied 
to each sample. The mixed inoculation included 
both Jaagichlorella sp. (10⁶ and 10⁷ cells/ml) and 
K. petricola (104 and 105 cells/ml, respectively) to 
assess potential microbial interactions on the differ-
ent surface structures. The droplets were placed side 
by side to ensure that the inoculations did not interact 
(Fig.  1). Prior to subjecting the inoculated concrete 
samples to laboratory weathering, the microorgan-
isms underwent a 2-day acclimation period to facili-
tate a smoother transition from the ideal culturing 
conditions to the weathering conditions. 

The bioreceptive performance of the four concrete 
surface structures was assessed in triplicate. In case 
of the algal inoculation, three samples per surface 
structure were inoculated with two different algal 
concentrations each, leading up to a total of six inocu-
lations per surface structure. Considering all four sur-
face structures, a total of 12 samples with 24 inocula-
tions was tested. The same protocol was followed for 
the mixed inoculation, adding a total of another 12 
samples with 24 inoculations.

2.3 � Accelerated weathering laboratory set‑up

The laboratory set-up was adapted from Barberousse 
[27] and employed a dynamic design with a sample 
inclination of 45°. Two identical weathering cham-
bers were constructed, one for testing samples with 
algal inoculation and one for testing samples with 
mixed inoculation. Within each set-up, the sam-
ples were distributed randomly to ensure unbiased 
conditions.

Both set-ups consisted of custom-built PVC-boxes, 
measuring 75 cm × 61 cm × 61 cm (W x H x D). Each 
box had a drainage hole in the base to facilitate water 
outflow and was equipped with 5  cm long feet to 
ensure unrestricted drainage (Fig. 2).

Perforated stainless steel sheets, each measuring 
50  cm × 72  cm, were prepared for the set-up. The 
sheets were separated by 30.5 cm long spacers, cre-
ating a structured arrangement. The lower sheet was 
used for sample placement, while the upper sheet 
was designated for mounting the lighting system. 
Nine LED arrays (eco + LED bar PLANT-GROW, 
LEDaquaristik GmbH, Germany) were installed onto 
the perforated metal sheet and the light intensity set 

Fig. 1   Scheme of concrete samples inoculated with differ-
ent concentrations and types of microorganisms. Differently 
structured concrete samples (5  cm × 10  cm, top to bottom: 
Expanded Clay, Textile, Vinidur, Blanco) were tested with two 
concentrations of either algal inoculation (left) or a combina-
tion of algal + fungal inoculation (right). Placing the droplets 
containing microorganisms next to another ensured no interac-
tion between the inoculations due to water run-off. Droplets are 
not to scale, and the color intensity is exaggerated for illustra-
tion purposes
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with a control unit (SimuLUX 24 dimming control 
and daylight simulation, LEDaquaristik GmbH, Ger-
many) and the corresponding software (SimuLUX 24 
software, LEDaquaristik GmbH, Germany), allow-
ing to adjust every LED array individually. Lighting 
was set to a homogeneous intensity of 3.8 µmol/m2/s, 
matching the conditions used for algal cultivation. 
To minimize external light interference and further 
enhance lighting uniformity, the weathering set-ups 
were wrapped in alumina foil. The light intensity was 
measured and verified using a light sensor (FLA 623 
PS, Ahlborn GmbH, Germany) and a 12 h light/12 h 
dark cycle was implemented.

The irrigation system consisted of an outdoor cool-
ing mist set-up (Outdoor Cooling Mist Set 13,135, 
Gardena GmbH, Germany) connected to a timer 
(Water Control Master 1892, Gardena GmbH, Ger-
many). It was programmed to operate during the 
12-h daytime period, delivering 1  min of irrigation 
every 3 h. Deionized water was used throughout the 
experiment.

Humidity was regulated using a humidity sensor 
(TMT-HC-210 Humidity Control II, Import Export 
Peter Hoch GmbH, Germany), connected to a humid-
ifier (SuperFog II, Import Export Peter Hoch GmbH, 
Germany). The system was set to maintain a mini-
mum relative humidity (rH) of 80% during the day 
and 90% during the night.

To ensure consistent conditions, both set-ups 
were equipped with an additional sensor to monitor 
humidity and temperature (FHAD 46-C2, Ahlborn 
GmbH, Germany). Data was taken once every 10 min 
and recorded by a compatible datalogger (Almemo 
2890–9, Ahlborn GmbH, Germany). The average 
temperature recorded was 21.6 ± 1.3 °C.

2.4 � Growth monitoring

All documentations were taken through the Petri 
dish lid. High resolution surface imaging was per-
formed using an office scanner with a resolution of 
800 ppi (Scanmaker 1000 XL Plus, Mikrotek, Tai-
wan). Color measurements were carried out using a 
handheld spectrophotometer (Ci62L, X-Rite, USA) 
equipped with a 14  mm aperture and a respective 
measurement area of 1.54 cm2. Results were recorded 
as L*a*b values and managed in the corresponding 
software (Color iQC Professional, X-Rite, USA). The 
L*a*b color space is designed to approximate human 

vision. It consists of three axes: L for lightness, a for 
the green–red spectrum, and b for the blue-yellow 
spectrum.

For Imaging PAM-F measurements, a MINI ver-
sion of the IMAGING-PAM M series (Heinz Walz 
GmbH, Effeltrich, Germany) with a blue measur-
ing head (IMAG-MIN/B) and a measurement are of 
24 × 32  mm was used. The corresponding software 
ImagingWin v2.56zn was used for data collection and 
processing. Prior to measurement, the samples were 
dark adapted for 20 min and then measured with the 
same measurement setting (Saturation pulse 1, Meas-
uring light 3, Gain 1). The recorded base chlorophyll 
fluorescence F0 value was used as a marker for bio-
mass, with the maximum F0 signal (= F0-max) pro-
viding point-specific information about the highest 
signal recorded on a sample. Due to the low biomass 
on the materials, the F₀-max in this study could be 
correlated with the maximum biomass accumulation 
and, consequently, with the thickness of the algal 
cover on a sample. Additionally, the visual repre-
sentation of measurements (Fig.  4) was analyzed in 
ImageJ to quantify the percentage of the measure-
ment area covered by the F0 chlorophyll fluorescence 
and hence algal cells (= F0-area). This involved con-
verting images to grayscale and transforming them 
into binary files. To reduce noise, a minimum area 

Fig. 2   Schematic of one laboratory weathering chamber. 
A dynamic approach with a sample inclination of 45° and a 
mist cooling irrigation system was implemented. LED arrays 
ensured uniform lighting and implement a 12 h/12 h day/night 
cycle. Relative humidity was controlled by a sensor-based 
humidifier. Temperature and relative humidity were recorded 
by additional sensors
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threshold of 15 pixels was applied before calculat-
ing the percentage of the area displaying chlorophyll 
fluorescence.

Initial documentation was performed after inocula-
tion and drying of the droplets. After the 2 day accli-
mation period the samples were transferred to the 
laboratory weathering set-up. Samples were removed 
from the set-up after 9, 20, 49, 84, and 112  days, 
allowed to dry, and measured again in their Petri 
dishes before being returned to the weathering cham-
ber. To ensure consistency in measurements, samples 
were removed from the set-up at the same time and 
dried for a specified period. Variations in wetness 
can affect the results, with moist surfaces leading to 
darker values for the lightness parameter during the 
colorimetric measurements and potentially higher 
noise or fluorescence values in Imaging-PAM-F 
measurements. Some residual moisture should be 
maintained, especially if additional insights into cell 
health or photosynthetic efficiency are needed from 
Imaging- PAM-F data. Data visualization was done in 
Origin (V. 2022, OriginLab Corporation, USA).

2.5 � Statistical analysis

All statistical analyses were performed using R Sta-
tistical software (V. 4.4.1, R Core Team 2024). A 
three-way ANOVA was conducted with the log-trans-
formed F0-area values after 112 days as the depend-
ent variable, and microorganism type, concentration, 
and surface structure as the independent variables. To 
determine significant differences between groups, an 
interaction test was conducted followed by a post-hoc 
Tukey test, with statistical significance set at p ≤ 0.05.

A correlation analysis between the material param-
eters and F0-area was carried out to fully include the 
material aspect of biocolonization (Table 1).

3 � Results

3.1 � Growth monitoring

Biological growth was defined differently for each 
method implemented. In case of high resolution sur-
face imaging, growth was defined as being able to 
detect a visual staining on the concrete surfaces, 
while for colorimetric measurements, a recorded 
color change may be attributed to biological growth. 

Algal growth measured in the Imaging PAM-F was 
monitored by either an increase in a F0-max or an 
increase in F0-area. The effectiveness and suitability 
of the documentation methods was compared and is 
presented in Table 2.

High resolution surface images taken throughout 
the experiment were evaluated visually and showed 
microbial growth as light green staining the earli-
est on day 49, more noticeable starting from day 
84 (Table  2). The surface structures Textile and 
Expanded Clay showed visible greening, however, 
the contrast between concrete and the subtle green 
patches of starting algal growth was insufficient for 
meaningful analysis and data was not processed 
further.

The colorimetric data showed a pattern consist-
ent with the high resolution surface imaging results. 
While color changes were documented, they were 
subtle and could not be reliably attributed to algal 
growth. The Δa values, which would indicate a 
shift towards green, showed only minimal changes 
(Fig.  3). Blanco and Vinidur showed no growth, 
which agrees well with findings of the high resolution 

Fig. 3   Representative colorimetric data for the two out of four 
surface structures showing visible greening in surface imag-
ing. Data corresponds to high-concentration inoculations, with 
Textile depicted in the upper row and Expanded Clay in the 
lower row. Left column: algal inoculation (10⁷); right column: 
combined algal (10⁷) and fungal (105) inoculation. Despite 
algal growth being visible in surface imaging, no shift towards 
green (-Δa) was observed. Fungal growth was slightly visible, 
with samples inoculated with K. petricola exhibiting more pro-
nounced darkening (-ΔL). Surface structures Blanco and Vini-
dur are excluded as they showed no visible greening in surface 
images
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surface imaging (Table 2). However, in case of Tex-
tile and Expanded Clay, which visibly turned green in 
the high resolution surface images, this means algal 
growth was not properly assessed with colorimetric 
measurements, even in case of the high concentration 

inoculations. The most significant variation was 
observed in the ΔL value (lightness), which was espe-
cially pronounced for mixed inoculations (Fig. 3).

Imaging PAM-F detected algal presence early 
on (Table  2) and allowed for a close-up monitor-
ing over time. Figure 4 provides an example of the 
general growth trend observed on the samples that 
developed algal biomass by the end of the experi-
ment. The Imaging PAM-F clearly captures the 
chlorophyll fluorescence from the initial inoculation 
(day 0). After being placed in the laboratory weath-
ering set-up and exposed to the irrigation system, 
chlorophyll fluorescence is drastically reduced for 
the next documentation points (day 9 and day 20). 
Bioreceptive samples initially showed no algal pres-
ence, but after a sample-specific period, growth 
became apparent and followed the surface structure. 
Comparing the impact of the two different inocu-
lation concentrations on algal growth, higher ini-
tial concentrations of algal cells generally resulted 
in higher F₀-max values over time. This trend 
was observed primarily for surface structures that 
exhibited growth visually discernible algal growth 
(Fig.  5). A similar pattern can be seen comparing 
the type of microorganism inoculated, with samples 
containing the fungus in addition to the alga pro-
ducing lower F0-max readings than samples inocu-
lated only with alga. For Expanded Clay textures 

Fig. 4   Algal growth as chlorophyll fluorescence (F0) images 
obtained by Imaging PAM-F on an exemplary concrete sample 
with Textile structure. Images show an initial chlorophyll fluo-
rescence after inoculation with Jaagichlorella sp. (107 cells) 
on day 0 with a strong decrease on day 9 and 20 after being 
exposed to irrigation cycles in the laboratory weathering set-
up. Following an initial, sample-dependent period with little 
or no observable growth, bioreceptive samples begin to show 
growth in later stages. The fluorescence signal follows the sur-
face structure, showing algal interaction and growth on the sur-
face rather than mere accumulation

Fig. 5   Maximum base chlorophyll fluorescence F0-max 
detected by Imaging PAM-F for the two out of four surface 
structures visually exhibiting growth in the high resolution 
surface images (Left: Textile; Right: Expanded Clay) and for 
every combination of concentration and microorganism type 
over time. F0-max relates to the highest signal intensity meas-

ured and correlates to the maximum biomass accumulation 
present on a sample. Higher inoculation concentration leads 
to higher F0-max values recorded, however both inoculation 
concentrations were sufficient to promote growth. Inoculations 
containing algae and fungi generally produced lower F0-max 
values than the same samples inoculated without fungi
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this trend is reversed in the early stages (day 20, day 
49), where the lower inoculation concentration con-
taining both microorganisms scores higher F₀-max 
values than the high inoculation (Fig. 5).

Results further show that after 112  days all con-
crete samples with the Textile structure exhibit growth 
in varying intensity with both types of microorgan-
isms and inoculation concentrations, leading to algal 
growth in 12 out of 12 inoculations. Concrete samples 
with expanded clay aggregates on their surface showed 
growth on two out of three samples inoculated with 

Jaagichlorella sp., and in all three samples inoculated 
with a combination of Jaagichlorella sp. and K. petri-
cola, regardless of inoculation concentration. This led 
to growth in 10 out of 12 cases, demonstrating a con-
sistent response in samples with this surface structure. 
However, the growth pattern is highly variable and 
especially with K. petricola present, only small specks 
of chlorophyl fluorescence were measured and counted 
as growth (Appendix—Table 4, Table 5).

Concrete samples with the Vinidur structure 
inoculated with Jaagichlorella sp. show growth on 

Fig. 6   Growth as F0-area coverage on the differently struc-
tured concrete samples over 4  months. F0-area coverage (%) 
was calculated from the F0 value collected by Imagining 
PAM-F data further processed in ImageJ. Graphs show F0-area 
values over time for both inoculation concentrations and both 
microorganism types on all surface structures, Textile (A), 

Expanded Clay (B), Blanco (C) and Vinidur (D). The Textile 
structure shows comparable growth in all scenarios, while 
Expanded Clay shows lower F0 area coverage with K. petricola 
present. The Vinidur structure shows improved bioreceptivity 
when K. petricola was present. The reference surface Blanco 
does not exhibit growth
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only one sample at a low inoculation concentration, 
indicating that the likelihood of algal growth on this 
surface is quite low, as growth only happened in one 
out of six potential cases. When K. petricola was 
included, two out of three samples showed growth 
regardless of the inoculation concentration, resulting 
in four out of possible six cases exhibiting growth. 
Growth was primarily observed on the raised ridges, 
indicating the importance of surface topography 
(Appendix—Table 4, Table 5).

In contrast, the non-structured Blanco samples 
showed no significant biological growth, and the 
recorded value on one sample is likely due to meas-
urement noise (Appendix—Table 4, Table 5).

Focusing on the influence of the type of microor-
ganism, inoculation with Jaagichlorella sp. alone led 
to growth on 5 out of 12 samples and a total of 11 out 
of 24 inoculations exhibited growth.

When inoculated with Jaagichlorella sp. and K. 
petricola, a total of 16 out of 24 inoculations showed 
growth. These results strongly indicate that the pres-
ence of K. petricola enables better subaerial biofilm 
attachment, especially on the Vinidur structure.

Combining the F0-max value with spatial infor-
mation offers valuable insights in biofilm develop-
ment. For utilizing the spatial information provided 
by the Imaging PAM-F images, chlorophyll fluo-
rescence images were further processed in ImageJ 
to obtain the algal growth as F0-area (Fig.  6). 
After an initial delay, algal growth measured as 
F0-area occurs on the concrete samples with Tex-
tile, Expanded Clay, and Vinidur surfaces. After 
four months of laboratory weathering, the Textile 
surface records the highest F0-area values, and 
the results are comparable for all test scenarios. 
Expanded Clay shows lower F0-area values when 
inoculated with a mix of microorganisms compared 
to an only algal inoculation, whereas Vinidur per-
forms significantly better with K. petricola. The 
reference structure Blanco did not show growth.

While high resolution surface imaging and col-
orimetric data offered limited insights, Imaging 
PAM-F allowed a precise monitoring of the algal 
growth on the samples. Differences between the 
microorganisms and inoculation concentrations 
could be observed and the different surface struc-
tures led to varying biological growth.

3.2 � Statistical analysis

Tests for normal distribution (p = 0.11) and homo-
geneity of variances (p = 0.85) confirmed that the 
assumptions for ANOVA were met. The results of 
the conducted ANOVA (Table 3) show that surface 
structure was a highly significant factor (p < 0.01), 
for spatial algal growth (F0-area) and that the micro-
organism type (Organism) had a significant effect 
(p = 0.03). The inoculation concentration did not 
show a significant influence (p = 0.81).

Partial ETA2 (ηp2) values indicated that sur-
face structure had the largest effect on F0-area 
(ηp2 = 0.60), whereas organism type had a moderate 
effect (ηp2 = 0.15). Concentration and the interac-
tion terms showed minimal effects (ηp2 < 0.05 in all 
cases).

Post-hoc analyses (Table  3) confirmed the 
variable Organism as significant, with the com-
bination of Jaagichlorella sp. and K. petricola 
(emmean =—6.46) outperforming Jaagichlorella 
sp. (emmean = −9.72).Although concentration was 
not identified as a significant factor, the results sug-
gest a slightly better performance of the high con-
centration (emmean = -7.92) compared to the lower 
concentration (emmean = −8.26). The results for 
the different surface structures indicated that Blanco 
(emmean = −14.07) was the least bioreceptive, fol-
lowed by Vinidur (emmean = −9.51), Expanded Clay 
(emmean = −8.27), and Textile (emmean = −0.52), 
which exhibited the highest bioreceptivity.

Pairwise post-hoc comparisons (Table  3) showed 
no significant differences between Blanco and Vini-
dur nor between Vinidur and Expanded Clay but 
were significant for all remaining comparisons. Car-
rying out this three-factor ANOVA with the variable 
surface structure substituted by either pH value after 
2 h, water retention after 2 h, or roughness (Table 1) 
yields the same results, which can be explained by the 
material being an independent and highly significant 
factor.

The correlation matrix (Fig.  7) investigated the 
relations between the material intrinsic parameters 
that, together, define each a surface structure. The 
results suggest limited multicollinearity among the 
independent variables and but also show correla-
tions between the parameters exist. Moderate posi-
tive correlations between roughness and pH after 2 h 
(r = 0.65) and weak positive correlations between 
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roughness and water retention after 2  h (r = 0.40) 
were calculated. In contrast, pH after 2  h and water 
retention after 2 h exhibit a moderate negative corre-
lation (r =—0.44).

Looking at the correlation between independent 
and dependent variables, the strongest correlation 
with F0-area is observed for water retention after 2 h 
(r = 0.62). The pH value after 2  h shows a moder-
ate negative correlation (r = −0.49), suggesting that 
higher pH values may reduce F0-area coverage, while 
roughness has a negligible correlation (r = 0.04), 
implying minimal direct influence.

In conclusion, surface structure was the most sig-
nificant variable influencing the spatial algal growth 
recorded after four months (F0-area), followed by 
Organism with a moderate effect, while concentration 
showed negligible influence. Looking at the surface 
characteristics, water retention after 2 h proved to be 
the most influential parameter. Among the surfaces, 
Textile demonstrated the highest bioreceptivity.

Table 3   ANOVA results for the dependent variable spatial algal 
growth after 4 months (F0-area), including partial ETA2 (ηp2) and 
post-hoc analyses. The independent factors (Surface structure, 
Organism, and Concentration) showed varying levels of signifi-
cance, with Surface structure being highly significant and exhibit-
ing the largest ηp2. Post-hoc results indicate differences between 
the levels of the significant variables Surface structure and Organ-
ism type. Post-hoc pairing effectively compared the bioreceptivity 
of the different Surface structures

ANOVA

Factor p-value
Surface structure  > 0.00
Organism 0.03
Concentration 0.81
Surface structure:Organisms 0.26
Surface structure:Concentration 0.84
Organisms:Concentration 0.74
Surface structure:Organisms:
Concentration 0.76
Partial ETA2

Parameter ηp2 95% CI
Surface structure 0.60 [0.40, 1.00]
Organisms 0.15 [0.01, 1.00]
Concentration 0.00 [0.00, 1.00]
Surface structure:Organisms 0.12 [0.00, 1.00]
Surface structure:Concentration 0.03 [0.00, 1.00]
Organisms:Concentration 0.00 [0.00, 1.00]
Surfacestructure:Organisms:
Concentration
Concentration 0.04 [0.00, 1.00]
Post-hoc
Grouped Factors emmean 95% CI
Organisms
Jaagichlorella sp. −9.72 [−11.73, −7.71]
Jaagichlorella sp. with K. 

petricola
−6.46 [−8.47, -4.45]

Concentration
Low inoculation concentration −8.26 [−10.27, −6.25]
High inoculation concentration −7.92 [−9.93, −5.91]
Surface structure
Blanco −14.07 [−16.91, −11.23]
Expanded Clay −8.27 [−11.11, −5.42]
Textile −0.52 [−3.36, 2.33]
Vinidur −9.51 [−12.35, −6.67]
Post-hoc pairing
Pairwise comparison emmean p-value
Blanco—Expanded Clay −5.80 0.03
Blanco—Textile −13.55 0.00
Blanco—Vinidur −4.56 0.12

Table 3   (continued)

ANOVA

Expanded Clay—Textile −7.75 0.00
Expanded Clay—Vinidur 1.24 0.92
Textile—Vinidur 8.99 0.00

Fig. 7   Pearson correlation matrix for intrinsic surface param-
eters (Roughness, pH, Water retention) and F0-area (spatial 
algal growth after 4  months). Positive and negative correla-
tions indicate the direction of the relationship, with stronger 
correlations representing greater association between variables
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4 � Discussion

This study presents a laboratory weathering setup 
designed to assess the influence of different concrete 
surface structures on biological growth. The dynamic 
setup (Fig. 2) features multiple short wetting periods 
per day (5 × 1  min) using deionized water coupled 
with inclined sample positioning. While driving rain 
is an important water source for biofilms [41], recent 
research has highlighted the importance of dew and 
prolonged drizzle as significant sources of moisture, 
compared to short-term rain events [42, 43]. The mist 
cooling system used in this study dispersed water 
into finer droplets than those typically produced by 
conventional irrigation systems, effectively simu-
lating relevant natural moisture sources. Moreover, 
mist cooling systems are commonly used in warmer 
regions to cool urban environments, and their use is 
expected to spread to other areas [44]. These systems 
may offer a dual benefit as efficient, water saving irri-
gation systems for microbially greened façades.

In comparable studies, samples are often irrigated 
twice daily for 60–90 min using nutrient-rich media 
or algal suspensions [13, 18, 27, 32, 33]. Such meth-
ods can introduce artificially high nutrient levels and 
may favor cell accumulation over biofilm attachment 
and formation. However, the most crucial and time-
consuming phase of natural biofilm growth is usually 
the initial, reversible attachment stage that precedes 
irreversible adhesion [45] and it is essential that labo-
ratory weathering experiments capture this process.

To ensure realistic conditions for biofilm develop-
ment, samples were inoculated only once at the begin-
ning of the experiment (Fig.  1). Surface-dependent 
algal colonization was monitored throughout the 
study, with increased documentation frequency in the 
beginning of the experiment to capture early attach-
ment dynamics. Microorganisms were detectable on 
the surfaces immediately after inoculation but were 
absent during the subsequent measurement periods, 
reemerging later and spreading across a broader area 
(Paragraph 3.1; Fig. 4). This shows an active interac-
tion between the biofilm and the substrate, indicating 
genuine biological attachment and growth rather than 
passive accumulation. These results confirm that the 
experimental setup successfully captured the critical 
stages of microbial attachment and biofilm formation.

Selecting robust, representative, and symbioti-
cally competent species for bioreceptivity testing 

is essential. In this study, two inoculation strategies 
were evaluated: the microalga Jaagichlorella sp. 
alone, and in combination with the fungus K. petri-
cola. While using a single strain simplifies the model, 
introducing a dual strain approach including both 
phototroph and heterotroph microorganisms can cap-
ture synergistic interactions between different groups 
of microorganisms [16, 28].

The presence of K. petricola affected coloniza-
tion success. One surface type (Vinidur) was prefer-
entially colonized by algal cells when the fungus was 
present (Table 2), underscoring the symbiotic dynam-
ics typical of natural biofilms. The combination of 
both organisms creates a model biofilm relevant to 
sun- and air-exposed surfaces, supporting reproduc-
ible and accelerated testing of biogenic effects. This 
development facilitates the study of biodeterioration 
as well as the optimization of material formulations 
for innovative, microbially greened façades for inno-
vative microbially greened algal facades [46].

Despite their widespread use in similar set-ups 
[13, 31–33], high resolution surface images and col-
orimetric measurements proved insufficiently sensi-
tive for reliably monitoring biomass development in 
this study. The inoculation chosen in terms of algal 
strain and cell numbers resulted only in a very light 
coloration, coupled with a thin and patchy distribu-
tion of growth. Colorimetric measurements refer 
to a standard observer and are therefore not more 
sensitive than the human eye or the high resolution 
surface images. Due to the contrast between mel-
anized black fungi and grey concrete, differences 
in lightness between inoculations with and without 
the fungus could be detected (Fig.  3). However, it 
should be noted that varying humidity levels also 
influence colorimetric measurements. Neither col-
orimetric analysis nor surface imaging were able to 
detect algal growth effectively. In contrast, Imag-
ing PAM-F provided reliable detection below the 
visibility threshold and proved highly effective 
for tracking low algal concentrations over time 
(Table 2).

Imaging PAM-F data was used for its spatial infor-
mation (F0-area, Fig.  6) and measure of local maxi-
mum of algal biomass accumulation (F0-max, Fig. 5). 
As Imaging PAM-F measures chlorophyll fluores-
cence, it only detects algal cells and cannot moni-
tor the presence of the fungus. Moreover, a buildup 
of algal layers, the presence of the fungus or the 



Materials and Structures           (2026) 59:22 	 Page 13 of 18     22 

Vol.: (0123456789)

substrates’ structure itself may lead to shading effects, 
underestimating algal biomass, and complicating 
direct comparisons between single and dual inocula-
tions. Reduced F₀-max values observed in the pres-
ence of K. petricola (Fig. 5) may be partially attrib-
uted to fungal shading rather than only to differences 
in algal biomass development. Spatial imaging fur-
ther revealed growth patterns along surface structures 
and highlighted substantial variability in colonization 
(Appendix—Table  4, Table  5), which is typical and 
within the limits for biological experiments.

Among the tested methods, Imaging PAM-F was 
the only technique capable of reliably document-
ing the critical initial stages of biofilm formation 
and should be more widely adopted in bioreceptivity 
research.

A three-way ANOVA was conducted to evaluate 
the influence of inoculation concentration, microor-
ganism type, and concrete surface structure on algal 
coverage, expressed as F₀-area at the end of the 
experiment. This metric incorporates spatial distri-
bution and accounts for the observed variability in 
growth patterns (Paragraph 3.1, Appendix—Table 4, 
Table 5). Surface structure emerged as the most sig-
nificant factor (Table  3), and material properties 
(Table 1) from a previous study [25] were linked to 
the ANOVA results for further interpretation.

The non-structured reference surface (Blanco), 
featuring minimal water retention and smooth struc-
ture, lacked attachment points for microbial growth. 
Consequently, the irrigation system washed off the 
inoculated biomass, and no growth was observed 
on this surface (Fig. 6). Vinidur, although similar in 
smoothness, featured a grid-like imprint with defined 
roughness but limited porosity. Algal colonization 
was more successful when K. petricola was present, 
suggesting a synergistic effect that enhanced attach-
ment (Fig. 6).

The Expanded Clay surface incorporated aggre-
gates with lower pH and higher water retention than 
surrounding concrete, creating a potentially favorable 
environment for biofilm formation. However, algal 
growth did not preferentially occur on the aggregates, 
likely because the initial inoculation was applied to 
the concrete surface. The aggregates appeared to 
influence water flow, reducing wash-off and favor-
ing attachment. Algae were likely transported by 
water and deposited within porous, chlorophyll-
shading aggregates, from which they subsequently 

grew outward, resulting in the appearance of growth 
surrounding the aggregates (Appendix—Table  4, 
Table 5). The Textile surface structure, characterized 
by the highest water retention and porosity, proved to 
be the most bioreceptive.

Microorganism type (Organism) was also identi-
fied as a significant factor (Table  3). Lower chloro-
phyll fluorescence values were recorded in the pres-
ence of K. petricola, likely due to fungal shading 
rather than inhibited algal growth. This effect was 
supported by darker colorimetric values (Fig. 3) and 
reduced F₀-max readings (Fig.  5), although no con-
sistent trend was observed in F₀-area values (Fig. 6). 
On highly bioreceptive surfaces like Textile, shading 
effects were negligible, while on less receptive sur-
faces like Expanded Clay, a decline in F₀-area was 
observed with fungal presence.

More importantly, especially for the ANOVA, 
more samples were colonized when K. petricola was 
present (Table 2). In comparison to algae, fungi can 
penetrate and quickly spread over the substrate [47], 
thus establishing contacts to the substrate and anchor-
ing the biofilm [15, 16]. The improved survival rate 
and spatial colonization F0-area of Jaagichlorella sp. 
combined with K. petricola on the Vinidur surface 
suggests that the approach of developing a model bio-
film is effective, enabling the test microorganisms to 
successfully attach. It can therefore be assumed that 
in this case the fungus does not hinder algal growth 
but supports it. This result highlights the potential 
for leveraging synergistic interactions, commonly 
observed in natural biofilms.

Inoculation concentration showed no significant 
influence in case of the two tested concentrations, 
both concentrations chosen were able to develop 
biomass. However, below a certain minimum con-
centration needed for growth, an influence of the 
concentration would be clearly recognisable and 
significant.

Correlation analysis (Fig. 7) revealed established 
relationships between surface properties. Increased 
water retention was associated with faster carbona-
tion, resulting in lower surface pH value [48]. Inter-
estingly, roughness was correlated with increased 
pH, likely due to the Expanded Clay surface which 
combines rough aggregate with smooth concrete 
areas. This combination of two separate materi-
als may skew the results and limits its interpretive 
value. A minor negative correlation between pH 
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value and F0-area was also observed, suggesting 
that lower pH values may support better microbial 
growth, in line with existing literature [18, 32].

While roughness is considered crucial for biore-
ceptivity [13, 18, 33], statistical data and correlation 
analysis in this study showed its effect on F0-area 
was negligible. The limited porosity of Vinidur, 
despite its similar roughness to Textile, reinforces 
the conclusion that porosity plays a more critical 
role in supporting microbial attachment (Table  1). 
Previous studies have shown that surface structures 
matching the size of the microorganisms facilitate 
microbial attachment best [49–51]. The microalga 
used in this study is unicellular (cell size < 10 μm, 
data not shown), further confirming the materi-
als capillary porosity has a bigger impact on algal 
attachment than the measured arithmetic roughness. 
As water retention is measured via capillary water 
uptake, it inherently reflects the capillary porosity 
of the surfaces crucial for microbial attachment. 
Although all samples were made from the same 
concrete mix and shared similar chemical composi-
tion, differences in surface structure led to varying 
biological growth outcomes, underscoring the influ-
ence of physical parameters on bioreceptivity.

This study highlights the complexity of biore-
ceptivity research, highlighting how even minor 
decisions in modeling biofilm formation on materi-
als can significantly impact results, their relevance, 
and their applicability to real-world scenarios. Key 
factors such as material design, microorganism 
selection, inoculation methods, and the laboratory 
weathering set-up must be carefully considered to 
ensure they align with the research question.

5 � Conclusion

The experimental set-up provided valuable insights 
into how concrete surface structure affects biorecep-
tivity, simulating real-world environmental condi-
tions. The novel approach of an initial inoculation fol-
lowed by a laboratory weathering experiment enabled 
accurate measurement of algal biomass attachment 
and growth instead of mere accumulation. The study 
highlights the importance of combining material 
properties, microorganism types, inoculation methods 
and laboratory weathering in bioreceptivity research. 
The use of Imaging PAM-F to monitor photosynthetic 

biofilms proved effective for low algal quantities, 
whereas the commonly used visual methods like 
high resolution surface imaging and colorimetry had 
limited utility. Adding the fungus K. petricola to the 
alga Jaagichlorella sp. increased complexity and led 
to a more representative and stable subaerial biofilm. 
The use of an alga/fungus combination enhanced the 
ecological relevance of the model, revealing synergis-
tic effects that improved bioreceptivity assessments. 
This approach marks a significant step toward creat-
ing a uniform bioreceptivity test set-up that reflects 
natural complexity, offering more accurate and rel-
evant results for future applications. Future research 
will be directed towards improving detection methods 
for early biofilm formation, including both photosyn-
thetic and non-photosynthetic components, and inves-
tigating microbial-surface interactions in more detail 
using techniques such as scanning electron micros-
copy and staining of the extracellular polymeric sub-
stances produced by well-established biofilms. The 
use of complex multi-species biofilms will further 
refine bioreceptivity models and improve predictions 
of biofilm development in real-world applications.
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Appendix

See (Tables 4 and 5).

Table 4   Visual representation of F₀ chlorophyll fluorescence 
following 4 months of laboratory weathering. Data include all 
surface structures and replicates at high inoculation concentra-
tion for both the algae and algae- fungi inoculations. Growth 

patterns show high variability within a given combination of 
inoculation type and surface structure for Expanded Clay and 
Vinidur, as well as strong differences to each other and the sur-
face structures Textile and Blanco
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images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 

Table 5   Visual representation of F₀ chlorophyll fluorescence 
following 4 months of laboratory weathering. Data include all 
surface structures and replicates at low inoculation concentra-
tion for both the algae and algae- fungi inoculations. Growth 

patterns show high variability within a given combination of 
inoculation type and surface structure for Expanded Clay and 
Vinidur, as well as strong differences to each other and the sur-
face structures Textile and Blanco

Inocula�on with 106 cells/ml Jaagichlorella sp.
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otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.
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