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Abstract
Current procedures for fluorometric detection of extracellular hydrolytic enzyme activities in intact aquatic biofilms are 
very laborious and insufficiently standardized. To facilitate the direct determination of a multitude of enzymatic parameters 
without biofilm disintegration, a new approach was followed. Beads made of different mineral materials were subjected to 
biofilm growth in various aquatic environments. After biofilm coating, the beads were singly placed in microplate wells, 
containing the required liquid analytical medium and a fluorogenic substrate. Based on fluorometric detection of the enzy-
matically generated reaction products, enzyme activities and kinetics were determined. Mean enzymatic activities of ceramic 
bead–attached biofilms grown in a natural stream followed the decreasing sequence l-alanine aminopeptidase > l-leucine 
aminopeptidase > phosphomonoesterase > β-glucosidase > phosphodiesterase > α-glucosidase > sulfatase. After one week 
of exposure, the relative standard deviations of enzyme activities ranged from 21 to 67%. Sintered glass bead–associated 
biofilms displayed the lowest standard deviations ranging from 19 to 34% in all experiments. This material proved to be 
suitable for short-time experiments in stagnant media. Ceramic beads were stable during more than three weeks of exposure 
in a natural stream. Biofilm formation was inhomogeneous or poorly visible on glass and lava beads accompanied by high 
variations of enzyme activities. The applicability of the method to study enzyme inhibition reactions was successfully proven 
by the determination of inhibition effects of caffeine on biofilm-associated phosphodiesterase.

Key points
• Optimized method to determine enzymatic parameters in aquatic biofilms
• Direct investigation of bead-bound biofilms without biofilm disintegration
• Fluorometric detection offers high sensitivity and sample throughput

Keywords  Enzyme activity · Enzyme kinetics · Hydrolases · Fluorometric microplate assay · Aquatic biofilm · Mineral 
beads

Introduction

Surfaces in aquatic environments are usually colonized by 
biofilm-forming microorganisms (Costerton et al. 1995; Par-
asion et al. 2014). Depending on the metabolic requirements 

and nutrition status of these microorganisms, various organic 
substrates need to be transformed into bioavailable break-
down products. Mainly extracellular hydrolases catalyse 
such reactions. Thus, the investigation of enzymatic param-
eters in biofilms provides insight into many biological and 
microecological processes, e.g. nutrient availability, cycling 
of essential elements, and transformation of their compounds 
(Romaní and Sabater 2001; Sinsabaugh et al. 2002; Battin 
et al. 2003a). Since enzyme profiles might reflect impacts 
of environmental stressors, they can be used as indicators 
for environmental monitoring and risk assessment (Ponsatí 
et al. 2016; Romero et al. 2018).
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For the fluorometric determination of extracellular 
enzyme activities (EEA) in biofilms, the use of synthetic 
metabolic substrates linked to 4-methylumbelliferone (MUF) 
is very common (Hoppe 1983). Marxsen and Witzel (1991) 
as well as Orenga et al. (2009) demonstrated fluorogenic 
model substrates to enable sensitive and rapid measurements 
of enzyme activities, especially of hydrolases.

Albeit various approaches for the analysis of EEA and 
extracellular enzyme kinetics (EEK) in biofilms within vari-
ous environments are available, a direct comparison between 
these studies is often impeded. For instance, biofilms are 
obtained from different surfaces and sub-compartments, e.g. 
from the core or from the surface of aquatic sediments (Say-
ler et al. 1979; Wei and Morrison 1992; Hill et al. 2010), 
from stones and rocks (Chappell and Goulder 1994; Proia 
et al. 2011), and from detritus (Rier et al. 2007) and soil (Tay-
lor et al. 2002; Dick et al. 2018). The exposition of artificial 
carriers for biofilm colonization and sampling is also com-
mon in hydrobiological studies. They comprise glass slides 
or plates exposed in stream systems (Sinsabaugh and Linkins 
1988; Thompson and Sinsabaugh 2000; Pohlon et al. 2010) 
or in laboratory mesocosms (Montuelle and Volat 1998; 
Proia et al. 2011) to investigate epilithic biofilm develop-
ment. Also, ceramic tiles (Corcoll et al. 2014) or polymeric 
material such as low-density polyethylene membranes is fre-
quently used (Fechner et al. 2010). Additionally, glass beads 
were applied, but mostly in a context where specific bacterial 
strains such as Pseudomonas aeruginosa were grown and 
counted as CFU (Konrat et al. 2016) or where a multitude of 
beads served as a model sediment and were analysed for EEA 
(Kuhbier 2003). Muter et al. (2012) utilized single ceramic 
beads as carriers for immobilization tests with eight differ-
ent specific bacterial strains and determined the fluorescein 
diacetate hydrolysis activity of one bead transferred into a 
tube (four replicates) by photometric measurements. Fresh 
wooden cubes (Hendel and Marxsen 2000), strips (Tank et al. 
1998), or tiles (Scholz and Boon 1993) exposed as carriers 
for epixylic biofilm development pose a smooth transition 
between natural and artificial surfaces, as they are “artifi-
cially” submerged but made of “natural” materials.

EEAs in undisrupted biofilms are often examined by the 
incubation of the samples in darkness on an orbital shaker 
(Chappell and Goulder 1994; Brown and Goulder 1999; Ylla 
et al. 2014; Bengtsson et al. 2018) followed by the addition 
of a buffer (to stop the reaction) and the spectrofluorometric 
detection of the reaction product (MUF) dissolved in the 
supernatant. More frequently, studies are performed with 
disrupted biofilms. Toothbrushes (Anderson-Glenna et al. 
2008) or razor blades (Scholz and Boon 1993; Thomp-
son and Sinsabaugh 2000) serve as tools to scrape off and 
remove the yield into tubes or beakers, causing loss of bio-
film mass and architecture.

Nearly all experiments, whether on disrupted or undis-
rupted biofilms, are performed under different conditions 
and sequences and are often not specified in detail, com-
prising pH value, incubation time, temperature, etc. A 
few studies note pre-experiments, where substrate satura-
tion concentrations for chosen enzymes were elucidated 
(Smucker and Vis 2011). These concentrations vary again 
depending on biofilm features such as general composi-
tion, thickness, density, age, and nutrient availability. It is 
not simple to maintain constant conditions, especially for 
comparative long-term experiments, as a biofilm repre-
sents an ever-changing biological community and matrix, 
but standardized steps in processing and analysing samples 
will improve the comparability of study results.

The required sample size in relation to the spatial vari-
ability of EEA in intact biofilms poses another challenge. 
Due to the high heterogeneity within and between bio-
films grown on (artificial) surfaces in the environment, 
high standard deviations of enzymatic activities (> 50%) 
can be expected (Pohlon et al. 2010). The investigation 
of EEA or EEK in undisrupted biofilms with large sam-
ple numbers requires considerably higher efforts than in 
homogenates, as suspensions of environmental samples 
enable measurements with high sample size and lower var-
iance, and a homogenate can be transferred to many wells 
of a microtiter plate (Thompson and Sinsabaugh 2000; 
Marx et al, 2001). In contrast, Smucker et al. (2009) were 
one of the first to demonstrate in their study on EEAs of 
disrupted and undisrupted biofilms that the resulting EEAs 
are not comparable with each other, as EEAs of disrupted 
and undisrupted biofilms grown on ceramic tiles differed 
significantly: mean EEAs and variances were distinctively 
higher for disrupted biofilms.

Based on these challenges and existing knowledge, the 
present study intended:

•	 To develop and to optimize a high-throughput, sensitive, 
and robust microplate technique for the determination of 
EEA in intact freshwater biofilms and to establish a suit-
able calibration procedure

•	 To evaluate the suitability of different mineral bead mate-
rials as biofilm carriers with particular focus on the vari-
ability of enzymatic parameters within different sample 
groups

•	 To investigate Michaelis–Menten–like EEK in bead-
bound biofilms

•	 To make a first attempt to prove the usefulness of the 
proposed method for other research fields such as aquatic 
ecotoxicology or environmental pollution assessment by 
the execution of an enzyme inhibition test

These objectives were pursued in a successive and pro-
gressive manner from lab to field scale.
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The procedure follows the recommendations of the “Min-
imum information guideline for spectrophotometric and 
fluorometric methods to assess biofilm formation in micro-
plates” given by Allkja et al. (2020), which is an expansion 
of the modules described in “Minimum information about a 
biofilm experiment (MIABie)” (Lourenço et al. 2014).

Methods

Biofilm carrier selection, exposition, and sampling

The first carrier selection criterion was the bead size. Beads 
should completely fit into the wells of a 96-well plate, and 
they should offer enough (micro-)surface to allow for the 
formation of a coherent biofilm. Thus, different materials 
were considered. For the initial tests, sintered glass (SG) 
beads were selected. Lava (L), glass (G), and ceramic (C) 
beads were included in the following experiments. See 
Table S1 and Figure S1 (S: Supplementary information) for 
microscopic images and detailed information on the used 
materials.

Prior to exposure, the beads were washed with 5% hydro-
chloric acid, rinsed with ultrapure water, dried for 24 h in 
an oven at 105 °C, and finally placed on an aluminium tray 
and heated for 5 h at 450 °C in a muffle furnace. An artifi-
cial stream mesocosm (field mesocosm: FM), an aquarium 
filled with stream water and supplied with oxygen (lab 
mesocosm: LM), and the second-order stream Franzenhe-
imer Bach, Franzenheim, Germany (natural stream: NS) 
served as source of freshwater biofilm colonizers. Beads 
were laced with polypropylene packet cord in small bags 
made of mosquito nets (drugstore) and fixed with stones 
or knotted to roots in the field. Overloading of the net bags 
was avoided to ensure uniform exposure to the surrounding 
sediment-water interface. After different periods of exposure 
according to the particular experimental designs described 
below and in detail within the supplementary information, 

the bags were carefully withdrawn from the respective sam-
pling site. Loosely attached material was detached with cau-
tion by swinging the bag within the aqueous phase, followed 
by transfer into sterile wide-mouth glass flasks (SCHOTT), 
filled with an aqueous solution containing 0.05 mol L−1 of 
HEPES (4-(2-hydroxyethyl) piperazine-1-ethanesulfonic 
acid, VWR), pH adjusted to 7.5 by the addition of diluted 
NaOH solution. Then, the beads were stored in a cooling 
box and transported to the lab. Samples for all experiments 
were stored during a maximum of 4 h at 4 °C until their 
subsequent analysis at the same day.

Target enzymes and reagents

Phosphomonoesterase (PME), phosphodiesterase (PDE), 
alpha-glucosidase (α-GLU), beta-glucosidase (β-GLU), 
sulfatase (SUL), and two peptidases, l-alanine- and l-leu-
cine-aminopeptidase (ALA and LEU), were assayed quan-
tifying the enzymatic transformation of fluorogenic sub-
strates (Table 1). With respect to the enzymatically released 
hydrolysis products, the standards used for calibration of 
the enzymatic reaction yields were 4-methylumbelliferone 
(MUF) and 7-amino-4-methylcoumarin (AMC) (Sigma-
Aldrich). All named substances were precisely weighed in 
cone-shaped centrifuge tubes (Greiner). If necessary, they 
were pre-dissolved in organic solvents (specified below) 
and then filled up to a volume of 10 mL with sterile 0.05 
mol L−1 HEPES solution (pH 7.5). Stock solutions of the 
analytical substrates for α-GLU, β-GLU, SUL, ALA, and 
LEU were pre-dissolved in 0.5 mL of dimethyl sulfoxide 
(DMSO, VWR) due to their low solubilities in ultrapure 
water. All substrate tubes were fixed onto an overhead shaker 
and gently mixed for 10 min to ensure complete dissolution. 
Stock solutions containing 10 mmol L−1 of MUF were con-
stituted in 10 mL of methanol (VWR), and those containing 
2 mmol L−1 of AMC were prepared in 2 mL of DMSO. 
Dilution series of both stock solutions were identical for all 
experiments (target concentrations 100, 10, and 1 µmol L−1, 

Table 1   Investigated extracellular enzymes and their relevance for carbon and nutrient cycling

a Enzyme Commission number

Enzyme ECa no Acronym Catalyzed reactions Analytical substrate

Alpha-glucosidase 3.2.1.20 α-GLU Carbohydrate degradation (e.g. saccharose) 4-MUF-α-D-glucopyranoside
Beta-glucosidase 3.2.1.21 β-GLU Carbohydrate degradation (e.g. cellobiose) 4-MUF-β-D-glucopyranoside
Phosphomonoesterase 3.1.3.1 PME Cleavage of polyphosphates and orthophosphoric 

monoesters (e.g. nucleotides)
MUF-phosphate

Phosphodiesterase 3.1.4.17 PDE Break down of phosphodiester bonds (e.g. phospholipids) Bis-MUF-phosphate
Sulfatase 3.1.6.X SUL Degradation of sulfate esters of macromolecules (e.g. 

sulfatides)
MUF-sulfate potassium salt

l-Alanine-aminopeptidase 3.4.11.2 ALA Protein metabolism by release of N-terminal amino acids l-Alanine 7-AMC trifluoroacetate
l-Leucine-aminopeptidase 3.4.11.1 LAP l-Leucine 7-AMC hydrochloride
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respectively). The final working concentrations depended on 
the test conditions. The concentrations of stock solutions of 
the analytical substrates ranged from 6 to 10 mmol L−1. All 
substrate and AMC standard stock solutions were freshly 
prepared each day. The MUF stock solution was found to 
be stable for up to 2 days when stored at 4 °C under light 
exclusion. Caffeine (Sigma-Aldrich) stock solutions were 
constituted in HEPES and adjusted to 400 mg L−1. To avoid 
photodegradation, all tubes were wrapped in aluminium foils 
and stored at 4 °C in a refrigerator prior to use.

General laboratory workflow

Independent of experiment and bead type, the microplates 
were loaded in the sequence depicted in Fig. 1. The vol-
ume of each solution was dependent on whether activity 
or kinetic measurement was pursued and which final con-
centration of standard and enzyme in a well was required, 
but a total liquid volume of 200 µL was finally constituted 

in all wells except a few pre-experiments (250 µL). All 
chemicals were filled into the wells with a multichannel 
pipette (VWR). Labelled plastic bins with channels and 
petri dishes served as pipette aid for different substrate and 
standard concentrations. Reagents and pipette schemes (step 
1) are exemplarily presented in the supplementary material. 
Net-enclosed beads were placed in petri dishes filled with 
HEPES solutions to avoid biofilm desiccation. Bags were 
opened with sterile scissors. Hereafter, the plate wells were 
filled with HEPES solution (step 2). Biofilm beads were 
transferred from the net bags into the wells (one bead per 
well) with the help of sterile tweezers and incubated for 15 
min at 30 °C within the plate reader (step 3). For inhibition 
studies, inhibitor solutions were added prior to the substrate 
solutions (optional step 4). No ultrasonication pre-treatment 
was conducted before incubation of the samples. Substrate 
dosage to the wells was quickly conducted to avoid time 
differences in the onset of the enzymatic reaction (step 5). 
Then, the plate was inserted in a microplate reader (Biotek 

Fig. 1   Flowchart depicting the general framework of microplate preparation and fluorometric detection of hydrolase activities and kinetics
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Synergy HT, Bad Friedrichshall, Germany) and procedure 
settings were adjusted by the help of the imager software 
Gen5TM. Amongst others, selected measuring conditions 
were temperature (30  °C), shake step before each read 
(medium, 1 s), and gain (75, later 60). Excitation and emis-
sion wavelengths (λexcitation: 360 nm, λemission: 460 nm) were 
chosen for MUF- and AMC-containing solutions according 
to Ylla et al. (2014). Kinetic measurements were run within 
60 min reading fluorescence intensities every 2 min (step 6). 
Typically, 12 different substrate concentrations were applied, 
covering a concentration range of two orders of magnitude. 
As for activity measurements, a standard calibration curve 
was generated for the kinetics by the preparation of a calibra-
tion row on the same microplate.

The data extraction and pre-treatment (step 7) was accom-
plished by an EXCEL© export of relative fluorescent unit 
(RFU) raw data. Before calculation of the reaction rates, the 
raw data were corrected by subtraction of the fluorescence 
intensities of the unreacted substrates, solved in HEPES 
(“substrate control row”), and by subtraction of the initial 
background fluorescence of the samples. The fluorometric 
data were converted into product concentrations applying the 
simultaneously determined, matrix-specific (“quenched”) 
linear calibration functions. Taking the liquid volumes in 
the wells (200 µL) into account, concentrations were trans-
formed into molar amounts of the hydrolysis products and 
subsequently into linear rates relating them to the reaction 
time. The rates are expressed as “nmol min−1 bead−1” which 
equals “mU bead−1”.

Determination procedures for EEA and EEK

The very first trial aimed to test whether biofilm-covered 
beads placed in wells of a black flat-bottom 96-well poly-
styrene plate can be used for enzyme activity quantification 
by fluorescence detection.

In a consecutive manner, different experimental proce-
dures (EXPs) focussing on extracellular enzyme activities 
(EEA) and kinetics (EEK) were conducted. For this reason, 
the experimental procedures were not standardized from the 
beginning, but aligned and harmonized in the course of trial 
and error. Different methodological objectives were followed 
in parallel and compiled in Table 2. Every detail concerning 
the conditions, experimental settings, and anomalies can be 
found in the “Supplementary information”, Tables S2 and 
S3. Pipette schemes can be extracted from Fig. S2–4.

Inhibitor experiment

Caffeine is ubiquitous in aquatic systems (Paíga et al. 2019) 
and proposed as a marker for anthropogenic pollution, since 
it was found that its concentration in surface waters posi-
tively correlates with the occurrence of E. coli (Sauvé et al. 
2012). Only a few studies focus on the inhibitory effect of 
this alkaloid such as Rosi-Marshall et al. (2013). Here, the 
possible inhibitory effect of different caffeine concentrations 
(0.04, 4.0, and 400 mg L−1) on PDE activity was evaluated 
for biofilms grown on sintered glass beads exposed for 30 
days in the lab mesocosm. Each caffeine concentration was 
applied to 15 samples. A specific six-point calibration was 

Table 2   Consecutive experimental procedures and objectives to study extracellular enzyme activities (EEA) and kinetics (EEK) for different 
bead materials and conditions

Procedure/stage Experimental issues and objectives

EEA EEK

EXP 0 1. Biofilm formation on sintered glass beads
2. Measurability of β-GLU activity of bead-bound biofilms 

in well plates
3. Proper selection of control/blank samples and of calibra-

tion conditions
4. Inertness of sintered glass beads
5. Suitability of glass beads

↓ 1. Same objective as for EEA
2. Determination of saturation concentrations of substrates
3. First test: MM-model fit

EXP1 1. Suitability of lava bead material
2. Test of different exposure periods

↓ 1. Suitability of lava bead material
2. Use of substrates to detect kinetic curves of PME, PDE, 

and SUL
EXP2 1. Extension of the method with the purpose of measur-

ing different enzymes bound at different bead materials 
simultaneously

↓ 1. Extension of the method to simultaneously analyse the 
EEK of biofilms bound on different beads/investigation 
of different reaction periods

EXP3 1. Initial test: measurement of ceramic beads exposed to a 
natural stream

↓ 1. Test of ceramic beads at two different exposure periods
2. First measurements of LAA with ceramic and sintered 

glass beads as biofilm carriers
EXP4 – 1. First measurements with ceramic beads exposed to a 

natural stream



	 Applied Microbiology and Biotechnology

1 3

used to account for the possible change of the MUF-standard 
signal due to increasing inhibitor concentrations. Calibration 
wells were quenched with biofilm beads (see Fig. S5 for 
plate arrangement).

Data analysis

Statistics and visualization were prepared with the free and 
open-source software environment RStudio (step 8, Fig. 1). 
Normal distribution was checked with the Shapiro-Wilk test. 
Levene’s test served as a tool to verify homoscedasticity. Two-
group Mann-Whitney U test, usually used for not normally 
distributed samples and for populations with n < 30, was cal-
culated to compare central tendencies of two groups. For the 
comparison of two groups which were normally distributed, 
but not equal in their variances, Welch test was performed. 
One-way ANOVA was run to determine whether there are 
any statistically significant differences between the means of 
more than two groups and followed by Tukey’s test for post 
hoc analysis.

Computing of activities at fixed substrate concentrations 
(EEA) as well as kinetic calculations including apparent maxi-
mum hydrolysis velocities (Vmax), apparent Michaelis-Menten 
constants (KM), and corresponding graphs (reaction rates vs. 
substrate concentrations) were generated with a drm-fct (dose-
response-model-function) subroutine. The term “apparent” 
accounts for the fact that the calculated kinetic parameters 
belong to the respective overall substrate hydrolysis reac-
tion under given reaction conditions without discrimination 
between the specific (iso-)enzymes involved. The drm-fct tool 
is part of the drc package, available in the Comprehensive R 
Archive Network (CRAN). The formula was specified with 
“fct. = MM.2”. Thus, the modelled kinetic data resulted from 
the fitting of the experimental data to the Michaelis-Menten 
equation (1) by nonlinear regression. The Michaelis-Menten 
equation has the form

where Vmax is the maximum reaction velocity, KM is the 
Michaelis-Menten constant, x is an initial substrate concentra-
tion, and f(x) is the corresponding reaction rate. Removal of 
single values with large deviations from the modelled kinetic 
curve (potential outlier) was avoided to preserve the natural 
biofilm-specific variance. Beads were only excluded from the 
analysis in cases of processing errors, a visible malformation, 
or a settlement by macroinvertebrates.

Residual standard errors (RSE) were computed as an abso-
lute quality measure of regression. RSE includes the residual 
sum of squares (RSS) and degrees of freedom (df) which are 
calculated by subtracting the number of predictors (np) from 
the number of observations (ni):

(1)f
(

x,
(

Vmax,KM

))

=

(

Vmaxx
)

(

KM + x
)

Here, yi represents the measured EEA and ŷ the simulated 
one. The RSE is relatable to the dependant variable as it has 
the same unit and constitutes the mean distance between 
measured points and fitted ones. A small value for RSE with 
a simultaneously large difference to the outcome variable 
suggests a good model fit. For more detailed information 
on the drc package background and algorithm, see Ritz and 
Streibig (2005) and Ritz et al. (2015).

Results

Matrix‑specific calibration

The matrix-specific calibration with colonized sintered glass 
beads (“quenched calibration”) gave a slightly less steep 
slope of the regression line (21 × 103 RFU nmol−1 MUF, 
corresponding to a MUF concentration of 5 µmol L−1, r2: 
0.9998) than the unquenched one (29 × 103 RFU nmol−1 
MUF, r2: 0.9991). Calibrations for wells loaded with uncolo-
nized beads resulted in a 1.4-fold steeper slope than biofilm-
bead quenched ones (see Fig. S6). Based on these results, 
metabolic rates of the samples in this test and all further 
EEA and EEK investigations were calibrated by relating the 
measured RFU values to calibration functions determined 
with biofilm bead quenched standards.

Extracellular enzyme activities

β-GLU activity determined for biofilms grown on sintered 
glass beads (Fig. 2) resulted in a constant average MUF con-
centration increase of 0.220 µmol L−1 min−1. Taking the 
liquid volume in the wells into account, the reaction rate was 
0.056 nmol min−1 bead−1 which equals 0.056 mU bead−1. 
The corresponding relative standard deviations (RSD) were 
39% (15 min), 34% (30 min), and 29% (60 min), respec-
tively. Visual inspection showed homogeneous-greenish and 
highly colonized surfaces. As there occurred a visual change 
in the shape and size of several beads, possible mass loss 
was checked for 50 beads compared to unexposed ones and 
assessed as highly significant by Welch’s two-sample t test 
with a p value of 0.0005 (see Fig. S7).

β-GLU and PDE mean activities and their RSDs in bio-
films grown on the different material are presented in Fig. 3. 
For further details on the corresponding experiments, see 
Table S2. The results derived from ceramic bead mate-
rial colonized in the natural stream are also included. In 
general, both mean enzyme activities increased whereas 
RSDs decreased with time: After 9 days of colonization, 

(2)RSE =

�

RSS

df
=

�

� ∑

e2
i

(ni−np)
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=
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Fig. 2   Time-dependent increase 
of MUF amounts as a measure 
of β-GLU activity in single 
wells filled with biofilm-covered 
sintered glass beads (SG1-12). 
Mean values are depicted as 
hollow black circles and RSDs 
(n: 12) as light-greyish bars 
in the background over a time 
course of 60 min. RSDs are 
scaled by the right ordinate axis

Fig. 3   Mean activities (log 
scaled) and corresponding 
RSDs of β-GLU and PDE in 
biofilms grown on lava (L), sin-
tered glass (SG), glass (G), or 
ceramic (C) beads, respectively. 
All beads were exposed in lab 
mesocosms (LM, maximal 
exposition period: 30 days). 
Ceramic beads were exposed 
to the natural stream (NS) 
additionally
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the mean EEA of β-GLU was 0.0022 mU bead−1 for lava 
bead–attached biofilm. Here, the RSD was 85% (n: 32). 
Some of the lava beads showed very low activities, some 
none, and a few exhibited maximum values of about 0.0070 
mU bead−1, but all signals were within the calibration range. 
After 13 days, the mean EEA was 0.0023 mU bead−1 and 
thus not considerably elevated. The RSD of 83% (n: 48) is 
comparable to that determined 4 days before. The maximum 
detected activity of one bead was 0.0100 mU. Visual inspec-
tion of the colonization of these beads was difficult due to 
the black colour of the material.

The ceramic beads exposed in the lab mesocosm were 
visibly covered by biofilms. EEAs were detectable for both 
enzymes and all sampling dates: After 8 days of exposure, 
the mean β-GLU activity was 0.0002 mU bead−1 with a RSD 
of 47% and 0.0003 mU bead−1 with 40% RSD after 13 days, 
indicating no relevant change of activity. For PDE, EEA 
was 0.0004 mU bead−1 with a RSD of 40% after 8 days. 
Five days later, the mean PDE activity was slightly lower 
with 0.0007 mU bead−1 and 28% RSD, but still within the 
deviation range of the first sampling date. The β-GLU activ-
ity of biofilms grown on glass beads in this experiment was 
detectable after 13 days only. The PDE activity could not be 
detected at any time point. There were no visible signs of 
colonization.

The extracellular β-GLU activity of biofilms grown on 
sintered glass beads was about 0.0003 mU bead−1 after 8 
days and 0.0006 mU bead−1 after 13 days with RSDs of 20% 
and 26%, respectively. Especially after 13 days, these bio-
films harboured much higher activities of both investigated 
hydrolases than those grown on ceramic ones. During the 
same interval, the PDE mean activity rose from 0.0005 to 
0.0021 mU bead−1 with RSDs of 33% and 19%, respectively.

The ceramic beads colonized in the natural stream were 
investigated for PME , α-GLU, and SUL activities also 
(Fig. 4). The greenish-brown-coloured surface revealed 
the biofilm formation. The Lowest activity was detected 
for SUL with 0.0003 mU bead−1 at 300 µmol L−1 substrate 
concentration and with a RSD of 21%. At 3000 µmol L−1 
substrate concentration (not shown in Fig. 4), the EEA was 
elevated (0.0005 mU bead−1, RSD 22%). The PDE activity 
was 0.0022 mU bead−1 (RSD 33%) and thereby ten times 
higher than the SUL activity at 300 µmol L−1 substrate con-
centration. The glucosidase activity of two subsamples of 
identically exposed ceramic beads was assayed on two dif-
ferent plates for each of the glucosidases to check for homo-
geneity of the activity distribution. Both plates yielded a 
mean α-GLU activity of 0.0028 mU bead−1 with RSDs of 
53% and 66%, respectively. The mean PME activity was 
very similar with 0.0031 mU bead−1, but the RSD was lower 
(20%). The β-GLU activity was more than two times higher 
than the activity of α-GLU with 0.0062 mU bead−1 (plate 
1) and 0.0067 mU bead−1 (plate 2). The activities of both 

the glucosidases measured on two microplates differed not 
significantly (Wilcoxon test).

Considering all experiments, the standard deviation did 
not decrease with increasing sample size (Fig. 5a). Inde-
pendently of material and bead exposition, half of the RSDs 
fell in the range between 26.5 and 54.5%. Median and mean 
RSDs were 37% and 43.5%, respectively. The overall span 
was 19% to 91%. Most of the RSDs of the activities of the 
glucosidases exceeded 40%. A further examination of a 
potential interrelation between the EEA variability and the 
bead type revealed that the upper span width is largely due 
to the high RSDs stemming from the application of the lava 
beads (Fig. 5b). With respect to the exposition situation, the 
median RSD (32%) of experiments conducted under stag-
nant conditions was lower than those derived from turbulent 
environments (NS: 51%, FM: 49%).

Michaelis–Menten kinetics

All kinetic investigations resulted in a hyperbolic relation 
between substrate concentrations and reaction rates. Thus, 
the Michaelis-Menten model could be applied, and the cor-
responding kinetic parameters could be approximated by 
nonlinear data regression in all cases.

In the first pre-experiment, which was conducted with 
sintered glass beads exposed to the field mesocosm, the 
maximum RSD of β-GLU activity was 21% taking all of 
the 12 substrate concentrations into account (4 beads per 
substrate concentration). Vmax was 0.0927 mU bead−1. 

Fig. 4   Comparison of five different extracellular enzyme activities in 
intact biofilms grown on ceramic beads (n: 15 per boxplot), exposed 
during 7 days in a natural stream. Activities of each of the glucosi-
dases were determined for two identically exposed subsamples
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The modelled extracellular enzyme activity at a substrate 
concentration of 300 µmol L−1 (EEA300) was lower with 
0.0764 mU bead−1 (Table S3). The resulting apparent 
Michaelis-Menten constant was 64.4 µmol L−1. The aver-
age deviation (RSE) from the regression line was 0.0114 
mU bead−1. PME and SUL kinetics of biofilms attached 
on sintered glass beads were investigated after 30 days of 
exposition in the laboratory mesocosm also. Mean RSDs 
were relatively low for PME (20%) and SUL (32%). Cor-
responding RSE values are 0.0153 and 0.0105 mU bead−1, 
respectively. The maximum hydrolysis velocity for PME 
was close to the modelled EEA at 300 µmol L−1 substrate 
concentration (Vmax: 0.0722 mU bead−1 and EEA300: 
0.0632 mU bead−1). KM was 42.7 µmol L−1. The determi-
nation of the SUL activity gave a large difference between 
the modelled EEA300 of 0.0151 mU bead−1 and the Vmax 
(0.0584 mU bead−1). Here, KM was 858.4 µmol L−1, indi-
cating that an essential higher substrate concentration is 
required to approximate enzyme saturation conditions.

The β-GLU activities of biofilms grown during 9 days on 
surfaces of lava beads were comparably low and highly vari-
able (RSD 91%). Vmax was 0.0024 mU bead−1, KM was 145 
µmol L−1, and RSE was 0.0009 mU bead−1. The mean meas-
ured and modelled activity at 300 µmol L−1 substrate con-
centration as well as standard deviations resulting from the 
corresponding EEA analysis were very similar (Tables S2 
and S3). Lava bead–attached biofilms sampled after 30 days 
were characterized by much higher and very similar mod-
elled EEA and Vmax (0.0064 mU bead−1 and 0.0077 mU 
bead−1, respectively). Biofilm formation was clearly visible 
after that time period. Related to Vmax, the RSE decreased 

(0.0015 mU bead−1). The distances between measured and 
modelled data were low. In addition, substrate affinity was 
higher for this older biofilm (KM: 62.0 µmol L−1).

Ceramic beads colonized during 3 days in the same meso-
cosm offered no visible signs of colonization. The β-GLU 
activity was very low (EEA300 and Vmax 0.0002 mU bead−1, 
KM: 41.4 µmol L−1). Ten days later, the modelled activity 
and Vmax of the same hydrolase were fourfold higher with 
0.0008 mU bead−1 (EEA) and 0.0009 mU bead−1 (Vmax), 
respectively. The KM value (33.1 µmol L−1) was close to that 
previously determined.

The first LAA kinetic investigation was conducted with 
ceramic beads, where a medium degree of colonization has 
occurred after 13 days of exposure in the field mesocosm. 
This experiment was repeated as the RFU signal exceeded 
the upper limit of the AMC calibration extremely. The 
second trial resulted in a modelled activity of 0.1596 mU 
bead−1 at 300 µmol L−1 substrate concentration and in a Vmax 
of 0.1970 mU bead−1. The RSE of the model was 0.0213 mU 
bead−1. KM was 70.3 µmol L−1. Although the sample size 
was reduced to a single bead per substrate concentration, 
nearly all data points were very close to or even within the 
boundaries of the 95% confidence interval.

LAA kinetics were also determined for sintered glass 
beads with biofilms grown for more than 30 days in the 
laboratory mesocosm. Modelled EEA at 300 µmol L−1 sub-
strate concentration was 0.0960 mU bead−1, less than half 
of Vmax (0.2159 mU bead−1). KM was comparably high with 
375.0 µmol L−1. Maximum RSD was 40% at the highest 
substrate concentration; the RSE was 0.0212 mU bead−1, 

Fig. 5   Relative standard devia-
tions across EEA experiments. a 
RSD vs. sample size (n) includ-
ing a boxplot as representation 
of the distribution. b Boxplots 
of RSDs of extracellular 
enzyme activities in relation to 
the bead materials
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and discrepancies between measured and modelled data 
increased with increasing substrate concentration.

A reasonable approximation of the data by the Michae-
lis-Menten model was possible in all cases applying 
ceramic beads exposed in the natural stream (Fig. 6). Max-
imum hydrolysis velocities of the peptidases were about 
three to four times those of phosphatases and glucosidases. 
By far, the highest RSD value (49%), based on the parallel 
enzyme kinetic analysis of three beads per substrate con-
centration, was ascertained for PME at a MUF-phosphate 
concentration of 10 µmol L−1. Substrate concentrations 
of 300 µmol L−1 were not sufficient to reach saturation of 
both peptidases and of PDE. The β-GLU KM value (13.64 
µmol L−1) was lower compared to those derived from the 

previous experiments in the laboratory mesocosm (33.13 
and 41.39 µmol L−1, respectively), but this discrepancy 
might be attributable to the differences of the exposition 
conditions.

Inhibition test

Caffeine, a non-selective PDE inhibitor, caused at the 
highest dosage (400 mg L−1) a moderate decrease by 28% 
of the PDE activity of biofilms grown on sintered glass 
beads (Fig. 7a). A hundredfold-lower caffeine concentra-
tion effected a 9% decrease. One-way ANOVA was used to 
check whether there was a significant difference between the 
mean levels of at least two data groups or not. Since p was 

Fig. 6   Michaelis–Menten kinetics, based on averaged rates from 3 beads per substrate concentration, of six hydrolases in biofilms grown during 
4 weeks on ceramic spheres in a natural stream. Vmax and Km are reported as [mU bead−1] and [µmol L−1], respectively
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< 0.01, post hoc analysis was subsequently performed. It 
offered a significant difference (p < 0.05) between inhibitor-
free samples and those subjected to the maximum caffeine 
concentration (Fig. 7b). Tests with the lowest caffeine con-
centration provoked a slight mean activity increase. This 
was evaluated as not significant, presumably reflecting the 
variability of the PDE biofilm activity. Standard deviations 
of the enzyme activities of all treatment groups were very 
similar (Fig. 7c) and in the range (RSDs between 23 and 
30%) of those observed for PDE and β-GLU activities in the 
former EEA experiments.

Discussion

Quenched calibration for intact biofilm

The calibration tests demonstrated the advantage of an addi-
tion of the sample matrix (biofilm-covered beads) to the cali-
bration wells, enabling a matrix-specific or “quenched” cali-
bration. Usually, this point is overlooked or underestimated 
in corresponding studies or rather not specified in detail 
(Scholz and Boon 1993). Marx et al. (2001) and Dick et al. 

(2018) used matrix-specific calibrations for soil samples 
and found out possible quenching effects of soil particles 
and organic matter on the fluorescent signal causing ana-
lytical errors if ignored. Also, Smucker et al. (2009) used a 
quenched calibration to analyse enzyme activities in biofilm 
suspensions. The authors state that intact biofilms could not 
be related to a quenched calibration, since the reaction prod-
uct from ceramic tile–sessile biofilms, which were incubated 
as a whole, was retrieved from the supernatant. It should 
be considered that the matrix-specific calibration resulted 
in steeper slopes of the calibration lines, i.e. higher detec-
tion sensitivity, compared to bead-free and biofilm-covered 
bead calibration variants. In contrast to the usually expect-
able decrease (quenching) of the fluorescence signals by the 
added matrix, the uncolonized carrier enhanced the signal. 
This phenomenon might be due to photon-scattering effects 
of the bead surfaces. Such effects are possibly reduced at 
biofilm-covered beads. However, impacts on fluorometric 
signals caused by mineral bead properties (colour, rough-
ness, porosity, etc.) as well as sorption/interaction effects 
between enzymatic reaction products and biofilms are ana-
lytically regarded by calibration with biofilm-covered beads.

Fig. 7   PDE activity of biofilms grown on sintered glass beads with 
and without caffeine addition. a Boxplots of absolute EEA, n: 15 per 
box, statistical assessment of data group differences: *: significant, 
**: highly significant. b Visualization of the results of Tukey’s test 

for post hoc analysis after one-way ANOVA (assumptions confirmed, 
tested with Shapiro-Wilks and Levene’s test). c Summary of experi-
mental results: µ: mean PDE activity, σ: RSD, EEA: PDE activity 
relative to untreated reference
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Suitability of different bead material for EEA 
determinations

Beads made of lava and glass seemed to be not sufficiently 
suited for the experimental purpose. The degree of coloni-
zation of lava beads was difficult to assess due to the black 
colour. In this respect, glass beads are advantageous. Nev-
ertheless, the high variability of enzyme activities in glass 
bead–attached biofilms, indicating a highly spatial and com-
positional heterogeneity of the biofilm, is a serious draw-
back. This statement applies to the lava beads as well. The 
here-stated results are corroborated by findings of Pohlon 
et al. (2010), who determined a RSD of roughly 60% for 
stream biofilm β-GLU activity on glass slides exposed for 7 
days. The RSD decreased after a 5-month exposure to 47%. 
Additionally, the biofilms on the glass beads seemed to be 
loosely attached to the surface, leading to their facile detach-
ment during transfer into the plate wells.

SG beads provided the lowest variance of enzyme activi-
ties amongst all experiments independently from the ana-
lysed enzyme species. Furthermore, these beads were more 
rapidly and completely colonized than other types, presum-
ably due to their comparably high porosity and surface area. 
Thus, this material is suited for short-term observations 
especially at low interacting physical forces, e.g. in a LM. 
Colonization was easily visually detectable. SG beads were 
prone to mass loss in outdoor experiments. Finally, inert 
ceramic beads (C) seem to perform best. The suitability of 
ceramic beads for EEA analysis of five hydrolases in a natu-
ral stream was proven. They were assessed by means of two 
microplates. A rerun of one plate revealed that mean values 
and standard deviations for α- and β-GLU were not signifi-
cantly different, demonstrating the reproducibility of the 
assay. Generally, RSDs were higher than for sintered glass 
beads independently from the analysed enzymes, but below 
50% in most cases. For instance, Smucker et al. (2009), who 
published the first study on enzyme activity differences 
between intact and disrupted biofilms grown on artificial 
surfaces, detected a standard error of 6% for phosphatase 
activity in ceramic-tile biofilms (1 cm2) grown for 6 weeks 
in a stream. The reported standard error corresponds to a 

relative standard deviation of 18%. The mean PME activ-
ity of this intact biofilm was 2.98 nmol h−1 cm−2 or 0.05 
mU cm−2, respectively. At this point, it should be noted that 
variances appearing small at first glance are sometimes not 
reported as classical standard deviations, but as standard 
errors (Romaní and Sabater 1999). Thus, they are always 
smaller than the corresponding standard deviations. Com-
parability between several studies is also impeded by dif-
ferences in the selected biofilm carriers, exposure periods, 
sampling and measurement strategies, etc. Consequently, 
without further standardization, the possibility to directly 
compare enzymatic data from different studies remains very 
limited. Potentially, the utilization of mineral beads as bio-
film carriers might contribute to a better comparability of 
related enzymatic studies. Table 3 provides an evaluation 
matrix to assess the general suitability of the tested bead 
materials for biofilm colonization and subsequent determina-
tion of enzymatic parameters. The assessment is made on a 
qualitative level mainly reflecting the experimental experi-
ence gathered in this study.

Investigation of enzyme kinetic behaviour

Bead-bound biofilms proved to be suitable for enzyme 
kinetic studies. Applying this experimental technique, the 
appropriateness of the Michaelis-Menten model to describe 
the dependence of the hydrolysis rates on substrate con-
centrations was confirmed for the analysed extracellular 
enzymes. RSE values differed between exposure time, 
exposition conditions, and biofilm carriers. Most data from 
kinetic studies with ceramic beads exposed in the natural 
stream were within the modelled confidence intervals. The 
maximum hydrolysis velocities in the last experimental stage 
of the EEK experiments followed the descending order LAA 
> LEU > PME > β-GLU > PDE > α-GLU. Kreutz et al. 
(2016) observed a similar sequence for hydrolytic activi-
ties in activated sludges. Smucker et al. (2009) described a 
comparable sequence of LEU > PME > β-GLU, as well as 
Chappell and Goulder (1994), who observed the same activ-
ity order of these enzymes in intact epilithic biofilms. Hence, 
magnitude and ratios of enzymatic parameters reported here 

Table 3   Evaluation matrix for bead materials

Criterion Lava Sintered glass Glass Ceramic

Colonization capability (surface area and roughness) Medium High Low Medium
Inertness in turbulent aquatic environment High Low High High
Visibility of colonization degree Low High Medium High
Estimated absorption capability for thermal radiation High Medium–low Low Low
Homogeneity/reproducibility of EEA Medium High Medium Medium–high
Suitability for short-term exposition Low High Inappropriate High
Suitability for long-term exposition Medium Medium Not tested High
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seem to be plausible, even though absolute activities are 
difficult to compare.

In some cases, a substrate concentration of 300 µmol 
L−1 was not sufficient to reach saturation conditions. Con-
sequently, it seems reasonable to firstly determine substrate 
saturation conditions by kinetic analysis before measuring 
enzyme activities at fixed substrate concentrations. One of 
the rare examples of activity determinations applying higher 
substrate concentrations, i.e. 500 µmol L−1, is that of Scholz 
and Boon (1993), who investigated PME, β-GLU, and LEU 
activities of wood-attached biofilms. Most other studies 
applied 300 µmol L−1 or lower substrate concentrations (Ell-
wood et al. 2012). In all cases, potential substrate inhibition 
has to be controlled—a further argument to perform kinetic 
studies first. The KM values, attained by the present method, 
are consistent with the results of former kinetic studies on 
biofilms, underlining the suitability of the proposed proce-
dure. Thompson and Sinsabaugh (2000), who uncovered 
enzyme activities of LEU in limnic biofilms grown on glass 
slides under different light conditions, calculated KM values 
ranging from 42 to 110 µmol L−1. The kinetic parameters 
were deduced from the Eadie-Hofstee data transformation. 
For the same enzyme, a KM range of 22–151 µmol L−1 was 
calculated by Sinsabaugh et al. (1997), who investigated riv-
erine bacterioplankton from the Ottawa River. For α- and 
β-GLU, they calculated KM values of 0.12–22 µmol L−1 and 
0.1–14.6 µmol L−1, respectively. KM values determined here 
for the natural stream system were in the same range, but 
β-GLU KM values, attained from the field and lab mesocosm 
experiments, were clearly higher, indicating a lower sub-
strate affinity of biofilms developed under those conditions. 
Amongst others, the substrate affinity is controlled by factors 
such as pH value, temperature, and the presence of activators 
or inhibitors. Interactions with high-molecular-mass organic 
substances, e.g. humic acids, can stabilize enzymes, but tend 
to reduce their reactivity (Sinsabaugh and Linkins 1987).

Capability of the assay to investigate enzyme 
inhibition in intact biofilms

Despite the fact that the maximal caffeine concentration of 
400 mg L−1 was not sufficient to reach a 50% inhibition of 
the PDE activity, this experiment demonstrated the capabil-
ity of the procedure to conduct enzyme inhibition studies 
with undisturbed biofilms. Like almost all molecules from 
the group of methylxanthines, caffeine is known to act in a 
competitive manner with PDE, since it competes directly 
with the cyclic nucleotide (cN) for access to the catalytic site 
(Francis et al. 2011). The authors ascribed caffeine to exert a 
weak inhibition effect on PDE and reported IC50 values rang-
ing from 100 to 1000 µmol L−1 (≈ 19.42 to 194.4 mg L−1). 
In contrast to the reaction conditions applied in the present 
study, most investigations determined IC50 values for single 

bacterial strains or common test organisms during longer 
exposure periods, e.g. 2 or 7 days (Moore et al. 2008). Rosi-
Marshall et al. (2013) observed a stream biofilm respiration 
suppression of 53% in situ, but the exposure concentration 
could not be fixed and controlled due to the used technology. 
They used vials filled with an agar amended with pharma-
ceuticals, and the vials were closed with a porous substrate. 
The agar contained 0.015 mol/L caffeine, which equals 
2.913 g/L. The authors pointed out that the potential effects 
of caffeine on aquatic biofilms are not well studied, which 
underlines the relevance of our methodical development. To 
verify the competitive inhibition effect on biofilm-associated 
PDE, kinetic functions should be determined.

We consider the elaborated procedure to be applicable to 
toxicity tests such as reviewed by Fritzsche and Mandenius 
(2010). These tests might be conducted with specific bacte-
rial strains or with intact aquatic biofilms. Long-term expo-
sure to potential inhibitors could be realized in mesocosms, 
e.g. as undertaken by Proia et al. (2011). Intact biofilms 
sampled from specific environments (wastewater treatment 
plants, outfalls, pristine locations, etc.) can be investigated 
concerning their resilience to anthropogenic stressors in that 
way as well.

Considerations and further challenges

Biofilms are complex, heterogeneous systems, especially on 
sediment surfaces in riverbeds, where flow velocity, sunlight 
intensity, temperature, and other hydro-biogeochemical fac-
tors differ spatially (Jones and Lock 1993), even within a net 
bag of exposed beads. Bacterial abundance has been shown 
to be significantly smaller under fast-flow than under slow-
flow conditions (Battin et al. 2003b). The concentrations of 
extracellular enzymes and their activity also depend on the 
composition and developmental state of the microorganisms 
forming the biofilm, the nutrient availability, and the occur-
rence of biochemical modulators. It is important to gain 
deeper knowledge about interrelations between carrier prop-
erties, biofilm architecture, and microecological regulations 
of extracellular enzyme activities and substrate affinities.

A critical point in this study might be the fact that the 
plates were shaken within the microplate reader before each 
fluorometric measurement, because some biofilm compo-
nents may detach from the bead surfaces during agitation. 
Nevertheless, loss of biofilm enzymes can be excluded, as 
possibly detached material remains in the microplate wells.

With respect to the short reaction period, significant 
alterations of enzymatic activities provoked by a partial 
biofilm detachment seem unlikely, but this leads to another 
issue concerning the differences in enzyme activities and 
kinetics between carrier-bound and detached biofilm. Frac-
tionation effects due to different distributions and asso-
ciations of extracellular enzymes within a biofilm have 
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to be considered also. Marxsen and Fiebig (1993) inves-
tigated extracellular β-glucosidase activities in perfused 
cores filled with stream-bed sediments and compared 
their results with suspensions of the same sediment. The 
maximum activity was lower in sediment suspensions than 
in the intact core systems. So far as comparable, this is 
contrasting the findings of Smucker et al. (2009), where 
maxima of activities occurred in biofilm suspensions com-
pared to the carrier-fixed ones. In regard to the adopted 
research perspective here, a further investigation of differ-
ences between bead-bound biofilm enzyme activities and 
those of detached ones is recommended.

Moreover, the influence of the incubation temperature and 
duration should be further investigated.

An assay temperature of 30 °C was selected as a compro-
mise between different experimental requirements, i.e. high 
analytical sensitivity, short measuring periods for enzyme 
kinetics, and avoidance of a thermal inactivation or destabi-
lization of enzymes. Despite the fact that no indications for 
deleterious thermal effects were found under those condi-
tions, a closer examination of the temperature dependence 
of enzymatic reactions in biofilms is recommended. Usually, 
Arrhenius plots of enzyme activities are indicative of the 
onset of a temperature-dependent disturbance of the enzy-
matic functionality (Bisswanger 2014).

In this study, enzymatic activities were quantified “per 
bead”. There are several other reference units and param-
eters; some of them are closely related to further biological 
biofilm properties. The further investigation of potential 
relations between enzymatic and other microbial param-
eters of biofilms would give a deeper insight on factors 
shaping the enzyme activity profiles of biofilm communi-
ties. Since some of the relevant parameters, e.g. amounts 
of extractable phospholipids or fluorometric indicators for 
viable microbial biomass are measurable with bead-bound 
biofilms too, the proposed method promises additional 
benefits.

In conclusion, the methodology presented includes a fast, 
versatile, and robust procedure to investigate extracellular 
enzymatic activities and kinetics in intact biofilms. The high 
sample-throughput enhanced the significance of statistic 
evaluations. The bead material choosen as biofilm carrier 
affected the enzyme activity profile. Investigated values for 
Vmax and KM and magnitude of activities were plausible. 
Ceramic bead material seems to be the most suitable and 
inert for biofilm studies in flowing waters. Applications in 
various research areas, e.g. aquatic microbiology, aquatic 
ecotoxicology, or restauration of polluted water bodies, 
might be promising. Finally, the procedure might contribute 
to the further advancement and harmonization of enzymatic 
investigations of biofilms.
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Table S1 Properties of bead materials 18 

Property Lava Sintered glass Glass Ceramic 

Mineral compositiona  

40-50 % SiO2,  
11-15 % Al2O3,  

10-12 % Fe2O3,  

others: alkali oxides 

borosilicate glass  

70-80% SiO2,  

7-13% B2O3 

 4-8% alkali oxides 

soda-lime glass 

73% SiO2   

14% Na2O 

>90% Al2O3, 

5% SiO2 

others: alkali 

oxides 

Manufacturer handicraft shop SCHOTT VWR 
Werth Metall 

Jena 

Shape almost spherical roughly spherical spherical spherical 

Color black white/beige transparent white 

Mean weight per bead 

(±sd) [g] 0.1258 ± 0.0065 0.0339 ± 0.0029 0.0867 ± 0.0004 

0.1401 ± 

0.0238 

Mean diameter (± sd) 4.2 ± 0.29 4.3 ± 0.35 4.0 ± 0.05 4.1 ± 0.33 

Surface area b [mm²] 55.4 58.1 50.3 53 

Microscopic image 

(Figure S1) 
A B C D 

Surface texture surface crater 

(50-1000 µm) 
pores (60-300 µm) even rough 

a approximate ranges  b lowest estimated value, based on the average diameter 

19 



Table S2 Experimental details and results of extracellular enzyme activity (EEA) investigations 20 

EXP SBM TS 
t 

[d] 
VisC  Enzyme n(bead)  

S 

[µmol L-1] 
n(Cal) 

Calmax 

MUF 

[nmol] 

mean EEA 

[mU bead-1] 

RSD 

[%] 

 
                         

E
X

P
 0

  SG FM 30a   +++ β-GLU 12 150 4 1.5b 0.05551 34  

G FM 30 + 48 200 12 1.4 0.01666 49  

        36 250 12 0.01630 66  

                        
 

E
X

P
 1

 

L LM 9 o β-GLU 32 300 12 1 0.00218 85  

  13 o 48 300 12 1 
0.00234 

83  

                        
 

E
X

P
 2

 

SG LM 8 +++ β-GLU 6 300 6 0.3 0.00032 20  

  13 +++ 17 1 0.00058 26  

  8 +++ PDE 6 0.3 0.00052 33  

  13 +++ 11 1 0.00214 19  

G LM 8 + β-GLU 6 0.3 n.d. n.d.  

  13 + 6 1 0.00016 32  

  8 + PDE 10 0.3 n.d. n.d.  

  13 + 6 1 n.d. n.d.  

C LM 8 ++ β-GLU 6 0.3 0.00022 47  

  13 ++ 21 1 0.00030 40  

  8 ++ PDE 6 0.3 0.00040 40  

  13 ++ 12 1 0.00072 28  

                        
 

E
X

P
3

 

C NS 7 ++ α-GLU 15 300 12 1 0.00284 53  

      0.00276 66  

  β-GLU   0.00616 55  

      0.00670 67  

  PME   0.00306 20  

  PDE   0.00216 33  

  SUL   0.00034 21  

    3000 0.00054 22  

                         

EXP: Experimental procedure (consecutively executed). SBM: Spheric bead material: SG: sintered glass, G: glass, 21 
L: lava, C: ceramic. TS: Test setup: FM: field mesocosm, LM: laboratory mesocosm, NS: natural stream. t: 22 
Exposition period. VisC: Degrees of direct visibility of colonisation: high (+++), moderate (++), low (+), not visible 23 
(o). n(bead): Number of beads per substrate concentration. S: Substrate. n(Cal): Number of standard concentrations 24 
for calibration. Calmax: Upper calibration limit. Mean EEA: Average (n beads) enzyme activity. RSD: Relative 25 
standard deviation. 26 
amass loss detected for SG, highly significant after 3 weeks of exposition (Welch two sample t-test: p<0.001) 27 
(Fig.S6) 28 
bexceedance of Calmax by one sample 29 



Table S3 Experimental details and results of extracellular enzyme kinetic (EEK) investigations 30 

EXP SBM TS 
t 

[d] 

Vis

C  
Enzyme 

n 

(beads)  

S  

[µmol L-1] 

Calmax 

MUF 

[nmol] 

 MM-fit 

modelled EEA300 

[mU bead-1] 

Vmax 

[mU bead-1] 

RSE 

[mU bead-1] 

KM 

[µmol L-1] 

                        
 

E
X

P
 0

 
SG FM 30a +++ β-GLU 4 10-500 1.4 0.0764 0.0927 0.01136 64.4 

                         

E
X

P
 1

 L LM 9 o β-GLU 4 5-500 1.4 0.0016 0.0024 0.00090 144.9 

SG LM 30a +++ PME 5 5-500 1 0.0632 0.0722 0.01530 42.7 

  +++ SUL 5 50-3000 1.4 0.0151 0.0584 0.01048 858.4 

                         

E
X

P
 2

 

C LM 3 o β-GLU 2 5-500 1.4 0.0002 0.0002 0.00004 41.4 

L   >30 ++   3   1.4 0.0064 0.0077 0.00146 62.0 

                      0.00000  

E
X

P
 3

 

C LM 13 ++ β-GLU 3 5-500 1 0.0008 0.0009 0.00020 33.1 

    23 ++         0.0013 0.0020 0.00022 173.2 

  FM 13 + LAA 1 5-500 2b 0.1289 0.1519 0.01594 53.5 

      +   2   3 0.1596 0.1970 0.02134 70.3 

SG LM >30a +++   2   2 0.0960 0.2159 0.02124 375.0 

                        
 

E
X

P
4

 

C NS 28 +++ PME 3 5-500 1 0.0190 0.0203 0.00404 19.8 

        PDE       0.0084 0.0158 0.00134 267.1 

        α-GLU       0.0127 0.0130 0.00262 8.4 

        β-GLU       0.0165 0.0173 0.00340 13.6 

        LAA       0.0599 0.0850 0.00564 125.8 

        LEU       0.0473 0.0619 0.00600 92.5 

                         

EXP: Experimental procedure (consecutively executed). SBM: Spheric bead material: SG: sintered glass, G: glass, L: lava, C: ceramic. TS: Test setup: FM: field 31 
mesocosm, LM: laboratory mesocosm, NS: natural stream. t: Exposition period. VisC: Degrees of direct visibility of colonisation: high (+++), moderate (++), low 32 
(+), not visible (o). n(bead): Number of beads per substrate concentration. S: Substrate. Calmax: Upper calibration limit. Modelled EEA300: Mean modelled enzyme 33 
activity at 300 µmol L-1 substrate concentration. Vmax: Apparent maximum hydrolysis velocity. RSE: Residual standard error. KM: Apparent Michaelis Menten 34 
constant. 35 

  amass loss detected for SG, highly significant after 3 weeks of exposition (Welch two sample t-test: p<0.001) (Fig.S6) 36 
bexceedance of Calmax by one sample37 



List of supporting figures 38 

 39 

 40 

Fig. S1  SEM images of bead materials: a: lava, b: sintered glass, c: glass, d: ceramic. 41 

SEM-Instrument: LEO 435VP. Beads were coated with a thin Au layer using a Polaron 42 

coating system. An acceleration voltage of 15 kV was applied to generate high-resolution 43 

images in the secondary electron mode.44 



Specific notes and details to read the pipette schemes (Fig. S2-S5): 45 

 46 

Substrate control:     buffer + substrate (no bead) 47 

Bead substrate control:   buffer + substrate + uncolonized bead 48 

Sample control:   buffer + biofilm bead 49 

Sample:     buffer + biofilm bead + substrate 50 

Quenched standard:   buffer + biofilm bead + MUF-standard 51 

Standard without biofilm bead: buffer + MUF-standard 52 

Standard with raw bead:   buffer + uncolonized bead + MUF-standard 53 

x:      no bead 54 

o:      bead without biofilm 55 

o:      biofilm bead 56 

 57 

General notes: 58 

 59 

• See article for details on chemical composition, preparation and storage (buffer, enzyme 60 

substrate, standard) 61 

 62 

• To convert MUF-standard concentration [µmol L-1] into [nmol well-1], 63 

- divide by 5 if final volume in the well is 200 µL 64 

- divide by 4 if final volume in the well is 250 µL (here only the case for EXP0, SG) 65 

 66 

• Take into consideration the addition of inhibitor dosage to the controls, samples and 67 

standards (marked in Fig S5). 68 

 69 

 70 

 71 

 72 

 73 

 74 

 75 

 76 

 77 



 78 

Fig. S2 First microplate pipette scheme used for the study of extracellular β-GLU activity in biofilms grown on sintered glass beads (EXP 0) 79 



 80 

Fig. S3 Microplate pipette scheme for the determination of extracellular activities of β-GLU and PDE in biofilms grown on three different bead 81 

types (EXP 2) 82 



 83 

Fig S4 Microplate pipette scheme for the examination of extracellular kinetics of beta-GLU in biofilms grown on sintered glass beads (EXP 0) 84 



 85 
Fig. S5 Microplate pipette scheme to study the potential inhibition of biofilm associated extracellular PDE by various concentrations of caffeine. 86 

Biofilm carrier: sintered glass beads. Fixed substrate (bis-MUF-phosphate) concentration (250 µmol L-1). Biofilm growth period: 30 days.  87 

 I:  Inhibitor (diluted in well to ¼ of stock concentration I1-I3) 88 

 I0 0 mg L-1 (represented by 50 µL of buffer solution treated like the inhibitor solution) 89 
 I1 0.16 mg L-1 90 
 I2 16 mg L-1 91 

 I3 1600 mg L-192 



 93 

Fig. S6  Variants of matrix-specific MUF calibrations 94 

 95 

Fig. S7  Significant mass loss of sintered glass beads in the field mesocosm (FM) after three weeks of 96 

exposition (n=50) 97 

 98 
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