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5Department of Informatics, Systems and Communication, Università degli Studi di Milan-Bicocca, Viale Sarca 336, 20126 Milan, Italy
6Lead contact

*Correspondence: dgulotta@getty.edu

https://doi.org/10.1016/j.isci.2025.113282

SUMMARY

While traditionally confined to laboratory settings, recent developments have enabled Water Contact Angle 

(WCA) measurements to be conducted on-site, under field conditions. This study presents a comparative eval

uation of a conventional benchtop method and a portable instrument applied to uncolonized and biocolonized 

stone surfaces. A reference non-absorbing substrate was used for method validation. Results showed good 

agreement between the two methods on non-absorbing surfaces, confirming the reliability of the portable 

approach. On porous biocolonized substrates, the methods differed in absolute WCA values but showed consis

tent trends, while there was good agreement among drop absorption times. These findings demonstrated that 

the portable approach can effectively capture water-related properties on-site, with minimal invasiveness and 

high reproducibility. The study introduces a validated and statistically supported methodology for on-site wetta

bility and water absorption assessment and emphasizes the influence of biofilm composition on surface water- 

related properties, contributing to the broader understanding of SAB-induced surface modification.

INTRODUCTION

Weathering of building stone surfaces exposed outdoors is gov

erned by the complex interaction between the specific sub

strates’ properties and local environmental factors, with water 

playing a critical role among the latter. Liquid water is the driving 

force of major chemical (e.g., leaching) and physical (e.g., freeze- 

thaw and salt crystallization) deterioration processes.1,2 It is also 

a key factor for biocolonization since microorganisms can only 

thrive on abiotic substrates in the presence of water in the liquid 

and vapor phase.3,4 Therefore, water-related properties of built 

heritage materials have been extensively studied to unveil such 

mechanisms and, in turn, to better understand their impact on 

the material’s durability and the performance of conservation 

treatments. The conventional requirements to assess the effi

cacy and suitability of stone surface protection treatments, for 

example, largely rely on measurements of water-related proper

ties to assess changes associated with potential beneficial ef

fects, i.e., reduced the penetration of liquid water within the 

porous network.

Surface wettability is a parameter that describes the affinity of a 

liquid droplet toward a solid phase. When the two phases are 

brought into contact, the resulting interface is formed upon the 

displacement of another fluid, usually a gaseous phase (e.g., 

ambient air), leading to a three-phase contact line.5 The shape of 

the liquid droplet is influenced by both chemical (e.g., molecular in

teractions at the solid-liquid interface) and physical (e.g., surface 

topography, roughness) characteristics of the tested surface and 

of the liquid itself. On a non-wettable surface, the liquid will tend 

to minimize the interaction with the solid, therefore reducing the 

contact area. On the other hand, wettable surfaces tend to form 

a larger solid-liquid contact due to the higher affinity between the 

two phases.

Among the substrate’s physical properties, surface roughness 

is a key parameter in defining surface wettability.6,7 Its contribu

tion can be expressed according to two theoretical models. In 

the Wenzel model, the droplet condenses to a spherical shape 

to avoid a large contact surface with the substrates, increased 

by the penetration of the liquid into the asperities (Figure S1A). 

According to the Cassie-Baxter one, the drop rests on top of 

the asperities, which become the solid-liquid-gas interface 

(Figure S1A). Consequently, the liquid cannot penetrate the 

surface roughness, and the hydrophobicity is enhanced.5

Moreover, a transitional state between the Wenzel and the 
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Cassie-Baxter models has been described, with a partial wetting 

of the asperities (Figure S1A).

However, it is worth noting the mismatch between the theoret

ical models and real-world lithic materials, which are non-ideal 

surfaces with multi-scale roughness and porosity and are usually 

characterized by remarkable chemical heterogeneity (e.g., pres

ence of different mineral phases).

The most used indicator of surface wettability is the Water 

Contact Angle (WCA). To measure it, a water drop of known vol

ume is deposited onto the solid surface. Standard laboratory 

measurements rely on optical systems to acquire the water 

drop profile. The resulting angle formed with the substrate is 

then determined through image analysis.8 The WCA is defined 

as the angle formed by the solid surface and the tangent to the 

liquid/fluid (i.e., water/air) interface at the three-phase contact 

point, as shown in Figure S1B. In 1805, Young9 described the 

equilibrium conditions on an ideal smooth surface as follows:

γSG = γLS + γLG cos θ (Equation 1) 

Where γ is the surface tension (SG, at the solid-gas interface, LS 

at the liquid-solid interface, and LG at the liquid-gas interface).

This equation can be simplified since the CA and the liquid sur

face tension can be measured:

γ = γL(cos θ − 1) (Equation 2) 

From the above equation and the measured WCA, the wetting 

behavior of a surface can be classified. Conventionally, static con

tact angles are determined when the tangent to the drop at the 

three-phase point remains stable during the measurement, as 

opposed to dynamic ones when the contact line is not station

ary.8,10 Systems with static WCA of less than 90◦ are defined as hy

drophilic, whereas those displaying WCA greater or equal to 90◦

are classified as hydrophobic. Superhydrophobic conditions can 

also be defined when 150◦ < WCA 180◦, as well as low contact 

angle hysteresis and low sliding angle.11 When considering mate

rials of natural origin and biomaterials, which have chemical com

positions and complex surface microstructures and roughness 

that inherently repel water,6 some authors12 suggested that the hy

drophobicity threshold should be set for a water contact angle 

above 65◦.6

Because of the non-ideal surface conditions of heterogeneous 

substrates, such as those investigated here, the measured static 

Figure 1. Drop volume and WCA values of 

reference polymeric surface 

Drop volume [mL] and water contact angle [◦] on the 

polymeric slab measured according to benchtop 

and portable measurement methods, respectively. 

Error bars indicate standard deviation.

contact angle deviates from the standard 

definition, but the calculated value can 

still be considered representative of the 

so-called ‘‘global contact angles,’’ ac

cording to Marmur et al. (2017),10 i.e., 

an average static contact angle experi

mentally measured for the entire three-phase contact line. 

Consequently, static contact angle measurements on this type 

of surface often require adaptation and can only provide local 

partial information on the surface condition.

SubAerial Biofilms (SABs), i.e., microbial communities growing 

at the mineral-air interface embedded in Extracellular Polymeric 

Substances (EPS), have displayed the ability to alter some of the 

surface water-related properties of the substrates they colo

nized, for example, conferring hydrophobic characteristics.13

WCA measurement provides a powerful method for investi

gating surface wettability and how it may change in the presence 

of material of natural origin, such as SABs. However, WCA mea

surements still present unsolved issues when applied to bio

colonized and uncolonized porous substrates, due to the dy

namic evolution of the drop. In this case, SABs’ adaptive 

behavior against external stressors is a key factor. SABs’ meta

bolism and micro-structure change over time in response to 

varying environmental conditions,14 e.g., to adapt to varying 

temperature and moisture regimes in the environment they are 

exposed to, concurrently modifying their interaction with and 

impact on the substrate. EPS and, in some cases, microorgan

isms can infiltrate porous material through different endolithic 

growth, making the interpretation of water-related characteris

tics additionally challenging.15 It has been demonstrated that 

SABs’ presence can reduce surface wettability and slow down 

water absorption, both on laboratory biocolonized samples 

and on real architectural surfaces.13,14,16–18 To evaluate the 

wettability of biocolonized surfaces, it has been proposed to 

measure the WCA immediately after the drop makes contact 

with the surface, assuming that, at that moment, absorption is 

still negligible.16–18 It could also be of interest to measure the 

complete drop absorption time, a parameter not fully investi

gated yet that can contribute to a better characterization of bio

colonized surfaces and an enhanced understanding of the SABs’ 

effects.16,17

Recent developments in portable instrumentation have 

enabled on-site WCA measurements under various conditions, 

including field applications to non-horizontal architectural sur

faces. As a field-based alternative to conventional laboratory 

WCA measurements, they can provide valuable insights into 

the impact of SABs on the surface characteristics of porous sub

strates of the built environment. Moreover, they may represent a 

promising alternative for studying the dynamics of liquid water 

absorption, conventionally conducted via the contact sponge 
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and Karsten tube methods, with reduced impact on the surfaces 

under study (i.e., reduced surface contact and water volumes 

required). Therefore, the potentialities of this new approach 

could extend beyond the sole on-site measurement of the 

WCA. However, this method still lacks a standardized procedure 

and reference datasets. Therefore, there is a need to perform 

a systematic investigation and comparatively assess novel 

portable approaches against standardized laboratory methods. 

In this study, for the first time, a comparison between the results 

obtained with a conventional laboratory benchtop instrument 

and a portable one is carried out. Biocolonized (based on dual- 

species and mono-species SABs) and uncolonized stone spec

imens were measured, with a non-absorbing and non-colonized 

polymeric surface as reference material.

This work aims to validate a portable approach to WCA anal

ysis against a standard, laboratory-based method and to 

develop a statistically robust methodology for on-site WCA mea

surements. The minimum number of measurements required to 

achieve a target statistical precision was determined on a refer

ence polymeric substrate, for both WCA values and drop volume 

data, providing a robust baseline for evaluating measurement 

reliability. Additionally, the study presents some of the first com

bined measurements of WCA and drop absorption time on 

porous, biocolonized mineral substrates by integrating the vari

ables of biofilm microbial community composition. While further 

investigation is needed for a comprehensive validation of the 

method on a broader range of materials and environmental con

ditions, the results, supported by the statistical data elaboration, 

indicate that the portable approach can be effectively applied to 

investigate surface wettability properties and water absorption 

dynamics on-site, under outdoor conditions. These results 

have relevant implications for the non-destructive characteriza

tion of building material surfaces, assessing the impact of bio

colonization, and monitoring the performance of surface treat

ments, including conservation treatments in the built heritage 

preservation sector.

RESULTS AND DISCUSSION

Benchtop and portable measurements on the reference 

polymeric surface

Drop volume and water contact angle results

Figure 1 and Table 1 report the results of the drop volume and the 

static water contact angle measurements obtained on the poly

meric non-absorbing reference surface. The benchtop method 

showed higher accuracy and reproducibility in the drop volume 

compared to the portable one, for which a greater dispersion 

of the results was observed. It must be emphasized that although 

the difference in the reported drop volume for the latter was sta

tistically significant (p < 0.0001), the variability range was 

extremely limited, with mean values differing by 0.5 μL only. On 

the other hand, the water contact angle data between the two 

methods were comparable and showed non-statistically signifi

cant differences (p = 0.3). Therefore, the observed relatively 

small difference in the drop volume for the portable method 

apparently did not significantly affect the WCA value measured 

on non-absorbing surfaces. However, the drop volume may in

fluence the absorption time of porous substrates. At present, 

the measurement of the drop absorption time is not yet a well- 

established procedure and still needs to be optimized both in 

terms of setup and result interpretation.16,17,19 As previously 

mentioned, it could become a key parameter for investigating 

the protective role of SABs and the impact of conservation treat

ments on porous substrates.

Due to the specific dosing configuration, i.e., pressurized drop 

ejection units, the portable instrument can perform on-site 

wettability measurements with different orientations. Figure 2

shows the results obtained by the portable measurements 

approach with 50 drops of 5 μL on the reference surface in a hor

izontal and vertical orientation. They indicated that WCA values 

are not affected by the surface orientation. It can be noted that 

the surface orientation has only a slight influence on the drop vol

ume results, with no statistically significant difference; in this 

case, the results are more consistent for vertical surfaces. The 

water droplets are sprayed through a dosing system onto the 

surface, making contact with it in a comparable way regardless 

Table 1. Drop volume and WCA values and standard deviations 

on polymeric slab

Drop volume [μL] WCA [◦]

Benchtop 4.87 ± 0.19 81.79 ± 4.17

Portable 4.33 ± 0.49 80.92 ± 3.78

Drop volume [mL] and water contact angle [◦] on the polymeric slab 

measured according to benchtop and portable measurement methods, 

respectively.

Figure 2. Effect of surface orientation on 

the portable approach 

Drop volume [mL] and water contact angle [◦] 

measured using the portable instrument on the 

plastic slab by orienting the surface horizontally and 

vertically. Error bars indicate standard deviation.
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of the instrument’s orientation. Possible gravity effects seem 

negligible according to the results, likely due to the small dis

tance between the dosing unit and the surface (a few millimeters) 

and the small drop volume. Overall, the results showed that 

working under different surface orientations does not signifi

cantly affect the reliability of the measurements.

This experimental approach enabled the evaluation of the reli

ability of the portable instrument in a simplified scenario where 

substrate-related variables are minimized. The agreement and 

consistency observed between the two methods on the poly

meric reference material suggest that, under similar smooth 

and non-absorbing surface conditions, the portable and bench

top methods can provide comparable WCA results.

Variability assessment and sample size

Collecting 50 measurement values may not be feasible during 

on-site investigation on real architectural substrates because it 

is time-consuming, particularly if the complete drop absorption 

time is also assessed.16,17,19 Thus, it is necessary for practical 

applications to define an appropriate sample size for the robust 

evaluation of the drop volume, WCA, and drop absorption time.

One of the aims of this study was to determine the minimum 

number of measurements necessary to represent the mean 

drop volume and WCA values reliably. The results of the boot

strap analysis for sample size determination for the portable 

method are illustrated in Figure 3. Figure 4 shows the compari

son between portable and benchtop approaches. Figure 3A 

shows the 95% confidence interval as a function of the bootstrap 

sample size for the volume measurements. Figure 3B shows the 

dependence of the relative uncertainty (confidence interval of the 

mean over mean) on the sample size. Such dependence has 

been fitted with the inverse square root of n function p(n) = 

b + a=
̅̅̅
n

√
. The curve accurately fits the data. The resulting fitted 

parameters are a = 40.72 and b = 0.67. The inverse of the fitted 

function can be used to estimate the sample size necessary to 

achieve a predetermined precision: n = 
⌈
[a=(p − b)]

2
⌉
. For 

instance, to get a 10% uncertainty for the drop volume, one 

should collect 20 samples. The same procedure has been 

applied to the 50 WCA samples from the portable method. The 

results are shown in Figures 3B and 3C. In this case, as well, 

the one curve accurately fits the data. The resulting fitted param

eters are a = 17.74 and b = 0.07. Using the inverse of the fitted 

function to estimate the sample size necessary to achieve a pre

determined percentage uncertainty, we get, for instance, that to 

attain a target of 5% precision, one should collect 14 samples.

We carried out a similar study, based on bootstrap and regres

sion, for the volume and WCA measurements performed with the 

Figure 3. Sample size impact on the portable measurement method 

Dependence of the 95% confidence interval on the sample sizes of (A) volume and (C) water contact angle and (B and D) the respective dependence of the 

percentage error implied by the confidence interval on the sample size.
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benchtop instrument. The curve accurately fits the data in 

both cases: the resulting parameters for volume are a = 15.31, 

b = 0.01, whereas for WCA are 19.57, b = 0.04. The curves 

are compared in Figure 4. One can see that, for volume 

(Figure 4A), the uncertainty is higher with the portable instrument 

than with the benchtop one, given the same number of samples. 

For instance, with 20 samples, the volume relative uncertainty 

measured with the portable instrument is 9.8%, whereas the vol

ume relative uncertainty measured with the benchtop one is 

about 3.4%. For WCA (Figure 4B), on the other hand, uncertainty 

is consistently lower with the portable measurement method 

than with the benchtop one, but the differences are minimal. 

For example, with 20 bootstrap samples, the WCA relative un

certainty with the portable instrument is 4.0, whereas the relative 

uncertainty is 4.4% for WCA measured with the benchtop instru

ment. These findings are consistent with those implied by the 

Figure 4. Uncertainty comparison between the two methods 

Comparison of portable and benchtop measurement methods in terms of the relative uncertainty (95% confidence interval of the mean over mean) for (A) volume 

and (B) WCA.

Figure 5. Surface documentation of uncolonized and biocolonized samples 

Macroscopic documentation and microscopic images of uncolonized and biocolonized (dual-species and mono-species SABs) samples. Scale bar length in 

upper panels = 1 cm. Scale bar length in lower panels = 500 μm.
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mean and dispersion of the respective distributions, represented 

in Figure 2.

Having established the comparability of the benchtop and 

portable instruments’ application on a reference, non-absorbing, 

and uncolonized polymeric surface, the investigation was 

extended to uncolonized and biocolonized Lecce stone sam

ples. These mineral substrates enabled assessing the applica

bility and robustness of the portable approach under conditions 

that more closely mimic common real-world scenarios.

Application of benchtop and portable measurement 

methods to laboratory biocolonized samples

Surface morphology and subaerial biofilms structure

Both laboratory-grown SABs homogeneously covered the spec

imens’ surface both at the macro- and micro-scale, as docu

mented by photographic (Figures 5A–5C) and microscopic 

documentation (Figures 5D–5F). The biofilms had a measurable 

impact on the surface roughness, i.e., a reduction of both Ra and 

Rz values (Table 2), as SABs (EPS and microorganisms) filled the 

superficial voids and stone discontinuities,20,21 leading to an 

overall reduction of the surface macro-irregularities.

The cross-sections microscopic observation showed that the 

dual-species biofilm continuously covers the stone surface 

(Figure S2). The green biofilm was clearly detected on the top, 

with good adhesion to the substrate following the stone’s super

ficial morphology. No clear sign of endolithic growth was 

observed. In this case, limited biofilm thickness was measured 

(around 10 μm). This could be due to possible mechanical effects 

during sample preparation (sampling, resin embedding, and pol

ishing), leading to a reduction of the biofilm cross-section thick

ness. Alternative embedding methods are under consideration 

to reduce such an effect.

Observations of the surface morphology by SEM confirmed 

the consistent and complete biofilm coverage of the stone sub

strate (Figure 6), including a coating-like effect on the pore walls. 

The characteristic textural features of the Lecce stone, including 

macro-crystals and clustered finer ones, were no longer visible. 

In the colonized specimens, aggregates of microorganisms and 

EPS formed a continuous biological layer, conferring new 

morphological features to the surface compared to the uncolon

ized samples (Figures 6A–6C). The surface of the dual-species 

biofilm appeared more complex than the mono-species one 

(Figure 6B and 6C) due to the presence of more cellular clusters 

that contributed to the creation of peaks and valleys at the micro- 

scale on the surface. Individual cells of Synechocystis sp. with a 

rod shape can be easily recognized in both types of biofilms. 

They are attached to the surface embedded in the EPS 

(Figures 6E and 6F). In Figure 6E, the EPS has a filamentous 

shape, where cells are barely visible, a structure that was not 

observed in the mono-species biofilm. It can be assumed that 

this is connected with the presence of smaller B. subtilis cells 

and the production of different polymeric substances. It is worth 

noting that the vacuum conditions required for SEM observa

tions may impact the biofilm structure by causing the 

Table 2. Surface roughness assessment of uncolonized and 

biocolonized samples

Uncolonized

Dual-species 

biofilm

Mono-species 

biofilm

Ra [μm]a 11.2 ± 4.2 8.2 ± 4.1 8.9 ± 3.7

Rz [μm]b 72.3 ± 27.2 52.0 ± 21.3 55.8 ± 22.1

Surface roughness expressed as Ra [μm] and Rz [μm], including standard 

deviations, of uncolonized and biocolonized (dual-species and mono- 

species SABs) samples.
aArithmetical mean of all peak-valley heights of the assessed profile; 30 

profiles for each sample were considered.
bSum of the vertical distances of the five highest (peaks) and the five 

deepest (valleys) values of the assessed profile; 30 profiles of each sam

ple were considered.

Figure 6. SEM observation of uncolonized and colonized stone surfaces 

SEM images of the surface of (A and D) uncolonized Lecce stone sample, (B and E) dual-species biocolonized sample, and (C and F) mono-species biocolonized 

sample. Scale bar length in panels a, b, and c = 10 μm. Scale bar length in panels d, e, and f = 3 μm.
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dehydration of both the EPS and the cells, ultimately leading to 

volume shrinkage and loss of tridimensional features.22 In 

some cases, cracks in the biofilm were also observed. Conse

quently, SEM investigations of the biofilm were optimized to 

minimize exposure to high-vacuum conditions.

Confocal laser scanning images (CLSM) allowed the observa

tion of the complex biofilm architecture. Compared to the SEM, 

CLSM observations provided a broader evaluation of the surface 

average conditions due to the larger scale of the investigated 

areas. The images in Figure 7 correspond to the tridimensional 

blend reconstruction obtained from the confocal image series 

with the dedicated IMARIS software.

The microscopic analysis shows the presence of EPS and a 

continuous biofilm covering the surface, indicative of a mature 

SAB in both mono- and dual-species systems.20 Furthermore, 

some different features between the two biofilms were highlighted. 

The dual-species biofilm exhibited a more homogeneous 

coverage of the surface (Figure 7A), whereas the mono-species 

biofilm presented more gaps in its overall architecture. The differ

ences in homogeneity were also confirmed by the values of the to

tal biomass, which is higher for the dual-species than for the mono- 

species, with statistical significance (p-value = 0.022). The 

biomass measurements (Table 3) also confirmed the coexistence 

of both microorganisms in the dual-species biofilm, though not in 

identical proportions. As reported in the literature,20–22 composi

tional shifts occur during development due to species-specific 

growth rates, metabolic interactions, and environmental condi

tions. Cross-feeding and spatial structuring are indeed intrinsic 

to multi-species biofilm systems.23–27 The green portion in the 

dual-species biofilm revealed preferential locations of B. subtilis 

NCIB 3610 around the porosities and in the areas richer in EPS 

(blue signal, Con A). A slight difference is also reported in the 

biomass value related to the ConA signal (p-value = 0.036), higher 

for the dual-species. However, only the extracellular glycoconju

gates were detected with this dye, and other differences may be 

found in other components of the EPS (i.e., lipids, proteins, 

eDNA). However, numerous studies have shown that cyanobacte

ria mainly produce EPS composed of polysaccharides.14,28,29

Moreover, Villa et al. (2023)14 demonstrated that carbohydrates 

were the predominant components of EPS in these lab-scale 

model systems compared to proteins and eDNA. CLSM also per

mits measuring the biofilm thickness. Images were captured as 

bottom-to-top slices from the substrate (stone) to the biofilm 

(from 0 to 0 fluorescent signal). Thus, a thickness of 28.0 ± 

2.2 μm was calculated for the dual-species biofilm and 25.5 ± 

3.5 μm for the mono-species. The CLSM results complement the 

cross-section observation by optical microscopy with precise 

and high resolution information about the SABs’ thickness, also 

thanks to the fact that no sample manipulation is needed as 

opposed to the latter method. This clearly reduces any potential 

unwanted alteration induced by the sample preparation opera

tions. Nonetheless, cross-section observation provides critical in

formation regarding the SABs’ thickness homogeneity of adhesion 

to the substrate, and the type of growth (i.e., epilithic or endolithic) 

of the biofilm, hardly detectable with the CLSM.

Drop absorption time and water contact angle on mono- 

and dual-species

Both benchtop and portable measurement methods were 

applied to biocolonized and uncolonized laboratory Lecce stone 

samples.

Drop absorption time results showed no significant difference 

when measured by the two methods for uncolonized and mono- 

species biofilm samples (Figure 8; Table 4). There is, instead, 

a very limited difference between the two methods for the 

Figure 7. CLSM analysis of SABs on Lecce 

stone 

Confocal laser scanning images of (A) dual-spe

cies and (B) mono-species biofilm growth on 

Lecce stone samples (photos) and the related 

properties (table). Color key: Synechocystis sp. 

PCC 6803 (phototroph), red (autofluorescence); 

B. subtilis NCIB 3610 (chemotroph) green, (Syto9); 

EPS (polysaccharide portion), light blue (ConA). 

Data in Table represent the means ± SD of inde

pendent measurements. According to the statis

tical analysis (t test, p-value <0.05), sharing the 

same letter means no statistically significant dif

ference. Scale bar length in panels = 100 μm.

Table 3. Biomass analysis of SABs on Lecce stone

Biomass (μm3/μm2)

Autofluo 

(Synechocystis 

sp. PCC6803)

SYTO9 

(B. subtilis 

NCIB 3610)

ConA 

(EPS)

Total 

(Autofluo + 

ConA)

Dual- 

species

4.48 ± 0.36a 1.97 ± 0.15 3.32 ± 0.36a 7.80 ± 0.65a

Mono- 

species

3.92 ± 0.37a / 2.73 ± 0.25b 6.65 ± 0.37b

Properties related to confocal laser scanning images of mono- and 

dual-species biofilms. Data in Table represent the means ± SD of inde

pendent measurements. According to the statistical analysis (t test, 

p-value <0.05), sharing the same letter means no statistically significant 

difference.
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dual-species biocolonized samples (Figure 8; Table 4). Data 

dispersion is significant for both approaches and may be attrib

uted to the high inherent chemical and morphological heteroge

neity of this type of substrate compared to the non-absorbing 

polymeric reference. As observed in surface morphology and 

subaerial biofilms structure, SABs’ thickness and architecture 

may differ in different areas of the sample, leading to local vari

ability in the drop absorption times. In addition, the inherent 

stone porosity and chemical and physical heterogeneity can 

also influence drop absorption time results, as indicated by the 

data dispersion that was also observed in the uncolonized 

samples.

Significant differences, instead, emerged from the comparison 

between the WCA values measured according to the two 

methods: in particular, values measured with the portable instru

ment are around 25% higher than those obtained by the bench

top approach (Figure 9; Table 5). A possible explanation could 

be linked to the different dosing methods previously commented 

on. In the case of the benchtop instrument, the drop comes in 

contact with the surface while still being attached to the dosing 

syringe. Therefore, some initial water absorption may occur 

before the drop reaches stability conditions (i.e., the drop is fully 

released by the syringe and stable enough for correct focusing), 

which are required before the measurement can start.30 In the 

case of the portable instrument, the drop is sprayed onto the sur

face at a constant pressure (Video S1) without direct contact be

tween the dosing unit and the investigated surface, allowing for a 

more precise discrimination between the end of the dosing and 

the beginning of the absorption. Given that no significant variation 

in drop volume was observed in the preliminary tests on the refer

ence slab (Section ‘‘drop volume and water contact angle 

results’’), the effect of the different dosing system greatly affects 

WCA values. As an instantaneous measurement, WCA is highly 

sensitive to initial droplet dynamics, which are influenced by the 

dosing system. Conversely, drop absorption time is measured 

over a longer duration and, with the same delivered volume, is 

less affected by differences in droplet deposition as well as by po

tential surface heterogeneities or local microbial activity.

WCA and drop absorption time also allowed to identify differ

ences among dual- and mono-species biofilm. Despite some 

discrepancies between the two methods (benchtop and 

portable) in terms of measured WCA (while showing very good 

agreement in drop absorption time), the observed trends are 

entirely consistent. Thus, the same conclusions can be drawn 

regardless of the method used, even though the absolute WCA 

values differ between the two approaches (Figures 8 and 9). In 

the case of the mono-species biofilm, the drop absorption time 

increased from about 5 s to about 3.5 min. For the dual-species 

biofilm, the absorption time further increased, reaching about 

4 min. This represents an increase of about 14% compared to 

the mono-species biofilm (p-value ≤ 0.01) (Figure 8), highlighting 

its stronger impact on surface wettability. This effect is probably 

related to the larger production of EPS and the more compact 

biological structure of the dual-species biofilm, as shown in 

surface morphology and subaerial biofilms structure. EPS is a 

critical factor that significantly contributes to decreasing wetta

bility.17,31,32 Statistically significant differences were also re

ported in the WCA values (p-value ≤ 0.01) (Figure 9). In any 

case, results indicated that the presence of both mono- and 

dual-species biofilms is associated with prolonged absorption 

time compared to non-colonized conditions.

Figure 8. Drop absorption time on uncolonized and biocolonized samples 

Drop absorption time [s] obtained on uncolonized and biocolonized (dual-species and mono-species SABs) Lecce stone samples, measured with the benchtop 

and the portable measurement methods, respectively. Keys: * for p-value ≤ 0.05; ** for p-value ≤ 0.01; *** for p-value ≤ 0.001; **** for p-value ≤ 0.0001. Error bars 

indicate standard deviation.

Table 4. Drop absorption times and standard deviations on 

uncolonized and biocolonized samples

Drop absorption time [s]

Instrument Benchtop Portable

Uncolonized 4.60 ± 2.89 5.49 ± 3.69

Dual-species 258.96 ± 40.60 238.29 ± 34.70

Mono-species 218.58 ± 49.84 208.25 ± 47.82

Drop absorption time [s] obtained on uncolonized and biocolonized (dual- 

species and mono-species SABs) Lecce stone samples, measured with 

the benchtop and the portable measurement methods, respectively.

8 iScience 28, 113282, September 19, 2025 

iScience
Article

ll
OPEN ACCESS



The dual-species biofilm is also characterized by a higher 

WCA if compared to the mono-species. This may be explained 

by the more complex nano- and micro-structured surface in 

the case of phototroph-chemotroph interactions.20 WCA values 

measured with the benchtop instrument were around 90◦ while 

the WCA values obtained with the portable approach were 

greater than 120◦ (Figure 9; Table 5), indicating hydrophobic 

conditions immediately after drop stabilization. This is even 

more significant considering the hydrophobic threshold of 65◦

that some authors12 suggest as a reference threshold,12 partic

ularly for biomaterials,6 as previously mentioned. Furthermore, 

after 30 s, which is the time specified by the standard,8 the values 

remained above 65◦. These data clearly demonstrate that bio

films confer water-repellent properties to the Lecce stone sur

face at least for the first 30 s.

Both the prolonged drop absorption time and the high first 

WCA values describe a biofilm that provides water-repellency 

to the surface, according to the categories defined by Leelama

nie et al. (2008).19 Such results are in agreement with the litera

ture14,16–18 and highlight that the presence of SABs on built 

surfaces can potentially provide beneficial effects against 

water-related weathering mechanisms.

It has to be underlined that the actual role of SABs is still difficult 

to define due to the complexity of the SAB-substrate-atmosphere 

ecosystem.15,33–36 Laboratory biocolonized samples have indeed 

Figure 9. WCA on uncolonized and bio

colonized samples 

Water contact angle [◦] values obtained on un

colonized and biocolonized (dual-species and 

mono-species SABs) Lecce stone samples, 

respectively with the benchtop and the portable 

measurement methods. Legenda: * for p-value ≤

0.05; ** for p-value ≤ 0.01; *** for p-value ≤ 0.001; 

**** for p-value ≤ 0.0001. Error bars indicate 

standard deviation.

Table 5. WCA values and standard deviations on uncolonized and 

biocolonized samples

WCA [◦]

Instrument Benchtop Portable

Uncolonized 13.56 ± 3.94 /

Dual-species 92.91 ± 4.07 124.02 ± 5.56

Mono-species 88.97 ± 6.16 120.50 ± 5.44

WCA [◦] obtained on uncolonized and biocolonized (dual-species and 

mono-species SABs) Lecce stone samples, measured with the benchtop 

and the portable measurement methods, respectively.

shown a reduced capillary water absorp

tion rate compared to uncolonized sam

ples.14,16,18,37 Furthermore, it is reason

able to assume that they may delay 

capillary water absorption and water 

evaporation.18 SABs may indeed be able 

to maintain more constant moisture con

ditions, and therefore reduce hygric 

stresses, slowing down the rate of moisture exchange between 

the substrates and the environment.15 However, the experimental 

evaluation of such effects is still very challenging due to the diffi

culty of growing uniform and resilient biofilms in laboratory condi

tions and their inherent variability.

It is also worth noting the potential influence of environ

mental conditions on the measured values. The laboratory ex

periments were conducted under controlled and constant 

temperature and relative humidity conditions. Such a level of 

control cannot be ensured when measurements are conduct

ed on-site, particularly outdoors, where natural climatic fluctu

ations are often unavoidable. It is therefore important to report 

critical environmental data during the measurement, along 

with any relevant microclimatic conditions occurring in the 

preceding days that may impact the results (e.g., rain events, 

heat waves) to ensure meaningful interpretation of the data.

Relationship between portable and benchtop 

measurement methods

Benchtop and portable datasets of drop absorption times and 

WCA results were related, each set being acquired on the 

same biocolonized surfaces. Each set consisted of 15 measure

ments. Based on these, the mean and standard error were 

computed. Then, a regression analysis was carried out to relate 

the two measurements. The results are shown in Figure 10.

For WCA, the two methods provide different results. The mean 

WCA fit yields a slope of 0.788 ± 0.524, i.e., with a large uncer

tainty. The R2 = 0.334 shows that only a small portion of the vari

ability can be accounted for. Thus, the portable measurements 

cannot be related straightforwardly to those obtained with the 

benchtop instrument. On the contrary, the mean drop absorption 

time fit yields a slope of 1.237 ± 0.105, with a small relative uncer

tainty. The R2 = 0.967 demonstrates that most of the variability is 

captured by the linear model. Thus, in the case of drop absorp

tion time, the portable measurements can be mapped using a 

multiplicative conversion factor to the benchtop instrument re

sults with a small comparative error. In any case, it must be 

emphasized that, in terms of drop absorption time, the differ

ences between the two methods were minimal.
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Conclusions

In this study, the application of a portable approach for on- 

site WCA measurements was validated against a conventional 

benchtop method for the first time. The robustness and consis

tency of the WCA results obtained with the two methods during 

the preliminary evaluation on a reference, non-absorbing surface 

confirm the strong potential of the portable approach as an alter

native to standard, lab-based measurements of substrates with 

such characteristics.

The comparative assessment of biocolonized porous sub

strates provided more challenging testing conditions, although 

closer to real-world scenarios. In this case, significant differ

ences between the two methods were observed for the WCA 

values, but the observed trends (i.e., variations in the WCA 

values due to different surface conditions according to the 

same test method) remained remarkably consistent within the 

same method, thus confirming the reliability of the portable 

approach against the standard one. Such differences are likely 

linked to the different geometry and working conditions of the 

two instruments, particularly the water dosing system. There

fore, further investigation is needed to unveil the consistently 

higher WCA values obtained with the portable method, support 

the interpretation of absolute WCA values in complex conditions, 

and refine the interpretation of WCA measurements obtained 

through both approaches.

On the other hand, the measurement of drop absorption time 

showed only minimal differences between the two methods, 

confirming the reliability of the portable one for the on-site 

assessment of drop absorption times on differently oriented sur

faces. After proper calibration with laboratory results, this 

parameter could further expand the applicability of the portable 

method to investigate a broader set of questions, such as 

the comparative evaluation of different surface weathering 

conditions, the impact of biofilm on water-related properties, 

Figure 10. Correlation between benchtop and portable method 

Results of the regression analysis to relate the two methods for (A) WCA and (B) drop absorption time. Error bars indicate standard error.

Figure 11. Experimental set-up of benchtop and portable measurements 

Graphic representation of the experimental setup of (A) benchtop instrument and (B) portable instrument, in horizontal and vertical orientations. Proportions 

between instruments do not represent the real conditions.
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and the performance and durability of surface conservation 

treatments.

Furthermore, the results highlighted differences between mono- 

species and dual-species biofilm, with the dual-species providing 

the highest increase in terms of both WCA and drop absorption 

time. Therefore, this study also confirms the potential applicability 

of WCA measurements to characterize different SAB-substrate 

systems and their impact on architectural surfaces.

Ultimately, this study provides the first contribution to estab

lishing a methodology for investigating SABs-induced alter

ations of water absorption properties on site in a less invasive 

(i.e., reduced amount of water needed, reduced contact areas) 

and potentially more precise way compared to other convention

ally employed methods.

Limitations of the study

The comparative evaluation of benchtop and portable ap

proaches was initially validated on a reference, non-absorbing 

polymeric surface and then extended to stone specimens, with 

and without subaerial biofilm colonization. A single reference 

stone material, widely characterized in the literature, was used. 

Therefore, further investigations are necessary to assess how 

different and more complex combinations of compositional 

and physical properties of mineral substrates affect water- 

related behavior in the presence of SABs, as measured by 

WCA. Additionally, all experiments were conducted in the labo

ratory, so the study is limited to WCA and drop absorption times 

measured under controlled and stable temperature and relative 

humidity conditions. Future work should also expand the exper

imental framework to include a broader range of biofilms and mi

crobial communities, which may exhibit different structural and 

chemical characteristics, potentially influencing surface wetta

bility in various ways. Finally, the discrepancies observed in 

WCA values between benchtop and portable instruments on 

porous substrates highlight the need for further investigation 

into the effects of drop deposition methods and surface interac

tions, in order to improve the interpretation and comparability of 

results obtained with different measurement setups.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Two types of SABs, a mono-species and a dual-species, were employed. The mono-species was composed of the phototroph 

Synechocystis sp. PCC 6803, while the dual-species of the same cyanobacterium and the chemotroph Bacillus subtilis NCIB 

3610. Synechocystis sp. PCC 6803 is one of the most genetically and physiologically characterized cyanobacteria, frequently 

used in laboratory studies due to its ease of cultivation and well-understood metabolic pathways.38 Likewise, B. subtilis is a widely 

studied chemotroph with well-established biofilm-forming capabilities.39 Both microorganisms have been retrieved from stone mon

uments and ensure fast-growing SABs, making them ideal candidates for studies on microbial colonization and biofilm impacts on 

stone surfaces. These laboratory-grown SABs capture the essential features of biofilms inhabiting lithic substrates, including micro

colonies of aggregated microorganisms, network-like structures, phototroph-chemoorganotroph interactions, resilience in harsh en

vironments, and tolerance to biocides.20 The choice of these model systems is justified by their reliability, reproducibility, ecological 

relevance, and compatibility with natural stone substrates.

METHOD DETAILS

Monitoring testing conditions

All tests were performed under controlled laboratory conditions. Temperature (T) and relative humidity (RH) were monitored with a 

HOBO Temperature/Relative Humidity data logger (LI-COR, Lincoln, Nebraska, USA) throughout the experiments to ensure consis

tent operational conditions. The average T and RH values, along with the respective standard deviations, are reported at the end of 

each paragraph of interest. The determination of the static contact angle was performed according to the EN 15802: 20098,8 after 

adaptation for non-ideal surfaces as described in the following sections.

Test on reference material

Static water contact angle measurements were conducted on a reference non-absorbing polymeric surface (CP53 Reference Plate, 

A. KRÜSS Optronic, Hamburg, Germany) to compare the results obtained by the onsite portable and the laboratory benchtop instru

ments. The instrument manufacturer recommends this substrate as a reference for calibrating the droplet dosing volume. Its smooth 

and chemically homogeneous nature ensures reproducible dosing conditions (drop shape and volume) and accurate contact angle 

analysis. During the tests, temperature and relative humidity values were 20.8◦C ± 0.2 and 45.4% ± 0.8, respectively.

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Synechocystis sp. PCC 6803 American Type Colture Collection (ATCC) 27184

Bacillus subtilis NCIB 3610 American Type Colture Collection (ATCC) 6051

Chemicals, peptides, and recombinant proteins

SYTO9 ThermoFisher Scientific, Waltham, 

Massachusetts, USA

S34854

Concanavaline A Texas Red ThermoFisher Scientific, Waltham, 

Massachusetts, USA

C825

BG11 medium American Type Colture Collection (ATCC) ATCC Medium 2661

TSB medium Condalab, Madrid, Spain 1124

Technovit 2000 LC Fixierpaste Kulzer GmbH, Hanau, Germany

Software and algorithms

JMP Pro 17.0.0 https://jmp.com

RStudio https://posit.com/

Python libraries scipy and sklearn https://pypi.org

ImageJ https://imagej.net/

Imaris Bitplane Scientific Software, Switzerland

Kruss Advance Software v. 1.16.0.10201 A. KRÜSS Optronic, Hamburg, Germany
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Benchtop instrument measurements

The Kruss Drop Shape Analyzer (A.KRÜSS Optronic, Hamburg, Germany) was the laboratory benchtop instrument used for WCA 

measurements. The instrument is composed of a dosing syringe, a movable stage for the sample, an LED light source, and a camera 

with manual focus and zoom (Figure 11A). The system is software-controlled (Kruss Advance, A. KRÜSS Optronic, Hamburg, 

Germany). The reference slab was positioned on the stage, and a 5 μL drop was dispensed by the tip of the syringe needle. Then, 

the stage was moved until contact with the surface, and the drop was released by moving the syringe back to the initial position. 

For each measurement, a 10-s video at 60 frames per second (fps) was recorded, and data elaboration was performed a posteriori 

using the same software. After the drop stabilization on the surface (resulting in a stable and fully focused drop shape), the volume of 

the drop and the static water contact angle were calculated using the Young-Laplace model. The measurement was randomly 

repeated over the entire surface 50 times.

Portable instrument measurements

The portable Kruss Mobile Surface Analyzer instrument (A. KRÜSS Optronic, Hamburg, Germany) was used in laboratory conditions 

to measure WCAs and drop volumes on a reference slab for method validation. This instrument is a portable system composed of two 

dosing units connected to pressurized cartridges, an LED light source, and a camera with fixed focus and focal length (Figure 11B). 

The system is software-controlled (Advance, A. KRÜSS Optronic, Hamburg, Germany). The instrument was positioned on the refer

ence slab, and two 5 μL water drops were dispensed with a 2-s time gap by the dosing units onto the surface. A 10-s video was 

recorded at 10 fps and elaborated a posteriori. After drop stabilization onto the surface (resulting in a stable and fully focused 

drop shape), the volume of each drop and the static water contact angle were calculated using the Young-Laplace model. The mea

surement was repeated over the entire surface 25 times (50 drops in total). The instrument geometry and the type of drop delivery 

(pressure drop ejection) allow for working on-site on non-horizontal surfaces (Figure 11B). With this device, therefore, the measure

ments were also repeated on the polymeric substrate in a vertical position (Figure 11B, right).

TEST ON BIOCOLONIZED SAMPLES

Samples preparation

Lecce stone, a Miocenic, fine-grained, and generally mineralogically homogeneous pale yellow calcarenite, was selected for this 

study. It has an average porosity of 31.4%, with a pore size distribution evaluated with mercury intrusion porosimetry that ranges 

between 0.1 and 2.5 μm and an average pore diameter of 0.2 μm. The main mineralogical component is calcite, with a negligible frac

tion of silicates. This lithotype was selected because of its characteristic mineralogical and physical properties, which make it partic

ularly suitable for laboratory colonization. Moreover, this stone has been extensively investigated in the scientific literature, and many 

reference studies providing data on its real-world response to biocolonization and weathering are available (see, for example,40–43). 

The two types of SABs, mono-species and dual-species, were grown on 5.0 cm × 5.0 cm x 1.0 cm specimens.

The protocol developed by Villa et al.20 ensures strong biofilm adhesion and uniform surface coverage on natural stones, making 

these systems highly suitable for controlled and reproducible studies of microbial colonization. Moreover, their demonstrated ability 

to confer hydrophobic characteristics to surfaces, without completely preventing liquid water absorption, further enhances their suit

ability for studying surface modifications under realistic environmental conditions.14,18

Based on these premises, the following protocol was applied to cultivate the selected biofilm systems. Axenic cultures of the pho

totrophic bacterium were grown in BG11 medium.44 The cultivation was carried out at room temperature in 250-mL Erlenmeyer flasks 

under daylight. Axenic cultures of B. subtilis NCIB 3610 were grown overnight in TSB (Tryptic Soy Broth) medium45 at 30◦C on an 

orbital shaker. Both biofilms were grown according to the protocol reported by Villa et al. (2015)20 and modified as follows to obtain 

homogeneous coverage of the stone surface. The stone samples were immersed overnight in the planktonic culture composed of 

only cyanobacteria or the cyanobacteria and B. subtilis cellular suspensions in a 1:1 ratio. Then, the liquid culture was removed, 

and the samples were transferred into a glass Petri dish (Ø = 12 mm) on a filter paper pad 7 mm thick. The BG11 medium was added 

to wet the paper pad and maintained at 3 mm below the bottom of the paper pad. BG11 was also sprayed 3 times on the samples 

once a day in a vertical position and left to dry for a few minutes. After 7 days with a 16/8 days/night photoperiod, the SABs were 

mature, as already demonstrated by Villa et al.,20 and the samples were ready for the test. Three samples for each type of biofilm 

were prepared. During the tests, the temperature and relative humidity values were monitored and were respectively 20.8◦C ± 0.5 

and 49.4% ± 2.6.

SAB architecture and characterization

Laboratory SABs grown on stone samples were studied by 3D optical microscopy, Scanning Electron Microscopy (SEM), and 

Confocal Laser Scanning Microscopy (CLSM). Moreover, cross-sections were prepared and analyzed to investigate biofilm thick

ness and endolithic growth.

The surface of biocolonized and uncolonized samples was analyzed to evaluate the biofilm surface coverage and to visualize and 

quantify the possible modification of surface texture due to the SAB’s growth. A VHX-6000 digital microscope (KEYENCE, Itasca, IL, 

USA) with a 1/1.8-inch CMOS image sensor (1600 × 1200 pixels) was used. Images were acquired in three different areas of 

about (3.0 x 4.0) mm2 of the analyzed surface. The magnification was 300x. The 3D Image stitching tool was used to obtain 3D images 
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by z stack composition of sequences of images collected at various focal depths, with vertical steps (z-steps) of about 50 mm. 

Roughness data (Ra and Rz) were then obtained by calculating the average values of 30 transects for each sample. Ra is defined 

as the arithmetical mean of all peak-valley heights of the assessed profile, while Rz is the sum of the vertical distances of the five 

highest (peaks) and the five deepest (valleys) values of the assessed profile.46

SEM images were acquired on Lecce stone fragments biocolonized with dual-species and mono-species SABs. Images were ac

quired on the ZEISS GeminiSEM 300 (ZEISS, Jena Germany) in high vacuum mode. The fragments were carbon-coated. A secondary 

electron detector and a voltage of 5 kV were used.

For the SABs architecture visualization, confocal images were collected using a Nikon A1/A1R confocal microscope (Nikon Instru

ments Inc., Amstelveen, Netherlands) and a 20x dry objective. A portion of each type of biofilm was stained using SYTO9 (Green 

Fluorescent Nucleic Acid Stain, ThermoFisher Scientific) to visualize B. subtilis NCIB 3610 cells, and Concanavaline A (ConA, Texas 

Red, ThermoFisher Scientific) to visualize the extracellular glycoconjugates, for the dual-species biofilm and only with ConA for the 

mono-species. According to the manufacturer’s instructions, the samples were covered with SYTO9 and ConA or only ConA in water 

and incubated for 30 min in the dark at room temperature. After incubation, the samples were rinsed three times with water to remove 

any residual stains. Fluorescence was excited and collected using the following laser lines and emission parameters: for B. subtilis 

NCIB 3610 (SYTO9), ex 488 nm, em 500–550 nm, autofluorescence of Synechocystis sp. with ex 633 nm, and em 650–750 nm for the 

extracellular glycoconjugates of the EPS (ConA) ex 561 nm, em 570–620 nm. Images were captured and analyzed with the software 

Imaris (Bitplane Scientific Software, Switzerland) for 3D reconstructions of SABs. A minimum of five SAB areas for each type of biofilm 

(mono-species and dual-species) were analyzed. The images were also processed to quantify the proportion of red, green, and blue 

signals to calculate the associated biovolumes using ImageJ software.

Finally, polished cross-sections were prepared by embedding sample fragments in the Technovit 2000 LC Fixierpaste (Kulzer 

GmbH, Hanau, Germany). They were observed by means of a Leica DM6M optical microscope in dark-field mode, equipped with 

a Leica FLEXACAM C1 color digital camera.

Benchtop contact angle measurements

A Drop Shape Analyzer (A. KRÜSS Optronic, Hamburg, Germany) was used as described in 2.a. A 60-fps video of 15 s and 10 min 

was recorded respectively for uncolonized and biocolonized (mono- and dual-species biofilm) samples and elaborated a posteriori. 

After the drop stabilization on the surface (resulting in a stable and fully focused drop shape), the static water contact angle was 

calculated according to the Young-Laplace model. Drop absorbance times were calculated at complete absorption (loss of mirror 

effect). Measurements were repeated 15 times for each sample (45 drops in total for each type of biofilm).

Portable contact angle measurements

A Mobile Surface Analyzer instrument (A. KRÜSS Optronic, Hamburg, Germany) was used as described in 2.b. A 10-fps video of 15 s 

and 10 min was recorded respectively for uncolonized and biocolonized (mono- and dual-species biofilm) samples and elaborated a 

posteriori. After drop stabilization on the surface (resulting in a stable and fully focused drop shape), the static water contact angle 

was calculated for each drop according to the Young-Laplace model. The drop absorption time was calculated at complete absorp

tion of the drop (loss of mirror effect). Measurements were repeated 15 times for each sample (45 drops in total for each type of 

biofilm).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical variability analysis and sample size determination

The first problem addressed in the analysis was the sample size determination for targeted statistical precision in WCA measurement 

and drop volume measurement, both with benchtop and portable equipment. Addressing this problem is crucial for ensuring that the 

samples collected provide sufficient information to make reliable inferences about the unknown statistical population under study. In 

any experiment, selecting a sample size that balances the desired precision or confidence level with practical considerations like time 

and cost of data collection is crucial. When, as in our case, the population variability is unknown, it is useful to resort to resampling 

methods, such as bootstrapping – see for instance47 for an example of the application procedure. This method involves randomly 

drawing samples with replacements from the original dataset to create multiple simulated datasets: for each resample of a given 

size, the statistic of interest, e.g., the mean, is recalculated, and the collection of outcomes is used to assess the variability of the 

statistics estimate from samples of that size. This allows for estimating the change in precision or confidence level as a function 

of the sample size. In this work, starting from a reference bootstrap population of 50 measurements collected with the portable in

strument, we considered sample sizes n = 4, 6, 8, and so on, up to 48. For each sample size n, we drafted 100,000 resamples, and for 

each resample, we identified the 2.5 and 97.5 percentiles to obtain the 95% confidence interval. Then we computed the percentage p 

of uncertainty over the mean value implied by these results and fitted the curve with an inverse square root of n function:

p(n) = b + a
/ ̅̅̅

n
√

(Equation 3) 
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(this kind of dependence of the percentage error is expected due to the independence of the samples). Thanks to the inverse of the 

fitted function, one can compute the sample size required to achieve a target percentage error on the results.

Correlation between benchtop and portable measurement methods

The consistency between benchtop and portable measurements was assessed by comparing the WCA and absorption time results 

for different biocolonized samples, each representing a combination of factors (e.g., roughness, presence or not of biofilm, mono- or 

dual-species biofilm). Several data points, both for the WCA values and the absorption time, were collected under each combination 

of factors according to the two experimental setups; then the results were compared using a regression procedure. The quality of the 

regression was used to indicate the strength of the relationship between portable and benchtop measurements.

Statistical data analysis was conducted using the package JMP Pro 17.0.0 (jmp.com, accessed in September 2023), the statistical 

analysis platform R (within the environment RStudio), and the Python libraries scipy and sklearn.
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