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1 | INTRODUCTION

Imaging of biofilms on opaque surfaces is a challenge presented to researchers espe-
cially considering pathogenic bacteria, as those typically grow on living tissue, such as
mucosa and bone. However, they can also grow on surfaces used in industrial applica-
tions such as food production, acting as a hindrance to the process. Thus, it is important
to understand bacteria better in the environment they actually have relevance in. Stain-
less steel and titanium substrata were line structured and dotted surface topographies
for titanium substrata were prepared to analyze their effects on biofilm formation of
a constitutively green fluorescent protein (GFP)-expressing Escherichia coli strain.
The strain was batch cultivated in a custom built flow cell initially for 18 h, followed
by continuous cultivation for 6 h. Confocal laser scanning microscopy (CLSM) was
used to determine the biofilm topography. Biofilm growth of E. coli GFPmut2 was
not affected by the type of metal substrate used; rather, attachment and growth were
influenced by variable shapes of the microstructured titanium surfaces. In this work,
biofilm cultivation in flow cells was coupled with the most widely used biofilm ana-
lytical technique (CLSM) to study the time course of growth of a GFP-expressing
biofilm on metallic surfaces without intermittent sampling or disturbing the natural

development of the biofilm.
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locations for microbial attachment and biofilm formation.
Biofilms have many advantages such as protection of the cells

Microorganisms present in natural ecosystems usually do not
exist as single planktonic cells; they prefer to live in commu-
nities attached to surfaces or to each other. This community is
commonly referred to as biofilm [1]. In general, solid-liquid
and air-liquid interfaces have been found to be optimal

Abbreviations: 3D, three-dimensional; CLSM, confocal laser scanning
microscopy; GFP, green fluorescent protein; PHLIP, phobia laser scanning
microscopy imaging processor.

from the environment, nutrient availability, and metabolic
cooperativity as well as acquisition of new genetic traits (hori-
zontal gene transfer) [2]. Cells within the biofilm can develop
resistance to antimicrobial substances, heavy metals and other
xenobiotics. Mitra et al. [3] reviewed the ecological roles and
biotechnological applications of intertidal microbial biofilms
like production of antimicrobial or antifouling compounds,
exopolysaccharides, pigments, vitamins, and biotechnologi-
cally important enzymes. Immobilization of cells in the form
of biofilms can be beneficial for various bioprocesses such as
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wastewater treatment [4], environmental bioremediation [5]
or microbial fuel cells [6]. It has been discovered that the
surface topography of the substratum also plays an impor-
tant role in microbial cell attachment to the surface [7-9].
Aluminum, copper, and stainless steel were reported to be
favorable for microbial cell attachment and biofilm formation
for certain species [10]. Another example is titanium, which
exhibits several advantages such as corrosion resistance, low
specific weight, and low toxicity. Moreover, the formation
of an oxide film (TiO,) over the surface makes titanium
highly biocompatible [11]. Additionally, substrata have been
examined for several surface microstructures and modifica-
tions such as changes of surface roughness and wettability
[12-14].

Confocal laser scanning microscopy (CLSM) is a pow-
erful and the most widely applied tool for non-invasive
three-dimensional (3D) sectioned imaging of microbial
biofilms [15]. It can also be used in combination with other
techniques such as catalyzed reporter deposition fluorescence
in situ hybridization (CARD-FISH) to monitor bacterial
communities [16]. In contrast to classical methods, which
relied on offline sample processing [17], a continuous
approach provides an opportunity to study the development
of microbial biofilms in an undisturbed state. Previous works
of Crusz et al. [18] and Tolker-Nielsen and Sternberg [19,20]
described flow cell biofilm cultivation in combination
with CLSM analysis for transparent substrata. However,
techniques for continuous monitoring of biofilm growth on
structured non-transparent metallic substrata embedded in
flow cells have not yet been described. Such a technique
would be very useful in light of the observed effects of
different metallic surfaces on diverse biofilm growth pat-
terns. The effects of equally structured stainless steel and
titanium substrata as well as differentially structured titanium
substrata on biofilm growth were examined in the flow cell
system. Here we present the coupling of CLSM, the most
widely applied biofilm analytical technique to date, with
flow cell cultivation for continuous monitoring of biofilm
growth of the fluorescent GFPmut2 E. coli strain on opaque
surfaces.

2 | MATERIALS AND METHODS

2.1 | Reactor construction

A custom-designed flow cell previously described in
Schlegel et al. [21] was used for cultivation (Figure 1).
The flow cell consisted of a stainless steel frame (1.4571,
EN X6CrNiMoTil17-12-2) with polyether ether ketone
embedded stainless steel nozzles (d = 1.5 mm; 1.4571,
EN X6CrNiMoTil17-12-2), the substratum of choice (avail-
able surface for growth: 200 mm?) and a glued-on cover

PRACTICAL APPLICATION

In this study a novel way of assessing biofilm growth
patterns on opaque metallic surfaces is reported.
This method provides a valuable tool for monitoring
biofilm growth on industrially and medically used
metallic materials such as V4A stainless steel and
cp-titanium. With further refinement of the method,
it allows for precise online monitoring of biofilm
growth on these surfaces. Additionally, it provides
insight into how biofilms behave on differentially
structured surfaces, thus allowing to modify surfaces
in a way to either increase biofilm productivity and/or
thickness or inhibit biofilm growth for medical appli-
cations.

slip (Hecht-Assistent 20 X 60 mm controlled thickness
0.17 mm =+ 0.01 mm, Glaswarenfabrik Karl Hecht GmbH &
Co KG, Sondheim/Rhoen, Germany). Twinsil addition-curing
duplicating silicone (Picodent, Wipperfiirth, Germany) was
used as biocompatible, gas-tight, and autoclavable adhesive.
The flow channel had a volume of 1.76 mL (16 X 2 X 55 mm,
W x H X L) and provided a homogeneous flow of up to
5 mL/min, equaling a flow velocity of 8 X 102 m/s [14]. This
was shown via computational fluid dynamics simulations.

2.2 | Micro-structuring of surfaces

Substrates of titanium (commercially pure, Grade 2, type
3.7035/34, ISO 5832-2) and stainless steel (1.4571, EN
X6CrNiMoTi17-12-2) were microstructured by micro milling
and different shapes and sizes of surface modifications were
produced. Micro milling was carried out in a two-step process
with a high-precision three-axis computer numerical control
milling machine developed at the Institute for Manufacturing
Technology and Production System at the TU Kaiserslautern,
Germany 8 [22]. The manufacturing process was described in
detail by Fingerle et al. [23].

FIGURE 1 Custom-made stainless steel flow-cell with cover slip
used in the present study. The substratum sample is placed in the well in
the middle of the chamber. Dimensions of the flow channel are

16 X2 X 55mm, WxHxXL
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FIGURE 2

P&I diagram for analysis of biofilm growth in the flow cell cultivated in batch (dotted line) and continuous process (solid line);

B: batch flask; C: continuous flask; F: feed bottle; FC: flow cell; P: pump; W: waste; CLSM: confocal laser scanning microscope

2.3 | Determination of surface properties of
the substrata

Tactile determination of surface roughness (R,) was carried
out with the roughness probe TKU 300, HommelEtamic T
8000 (Jenoptik, Jena, Germany). The determination of the
contact angle (®) for evaluation of hydrophobicity was deter-
mined by the sessile drop method at the Department of
Physics and Research Center OPTIMAS, Kaiserslautern, Ger-
many. The contact angle measuring system G2 (Kriiss, Ham-
burg, Germany) was used to place a 3 uL drop of deionized
water on the samples. An image of the drop was taken, where-
upon a circle detection program (Drop Shape Analyzer, Kriiss,
Hamburg, Germany) analyzed the droplet shape and measured
the angle between the surface and the droplet.

2.4 | Microorganism

In all experiments, an E. coli strain constitutively express-
ing GFPmut2 was used for biofilm cultivation in flow cells.
Electrocompetent E. coli XL-1 Blue (recAl endAl gyrA96
thi-1 hsdR17 supE44 relAl lac[F’ proAB lacliZAMI15 Tnl0
(Tet")]) obtained from Promega, Mannheim, Germany, was
used for transformation of the recombinant plasmid pBAD33
(ATCC/LGC Standards, Wesel, Germany) which encodes the
gene for GFPmut2 [24]. Addition of L-arabinose induces tran-
scription of Pgap [25] thus expressing GFPmut2, which can
be excited at 488 nm. Emission can be measured at 500-
530 nm. After transformation and selection, cryostocks were
prepared, flash-frozen in liquid nitrogen and stored at —80°C
until use.

2.5 | Cultivation medium and culture
conditions

All chemicals were reagent grade and purchased from Carl
Roth GmbH + Co. KG (Karlsruhe, Germany) or Sigma-
Aldrich (St. Louis, USA) unless stated otherwise. For growth
and cultivation, TB medium (pH 7.4) was used, containing:
tryptone 12 g/L, yeast extract 24 g/L and glycerol 4 mL/L.
After autoclaving and cooling, sterile phosphate buffer
(0.17 M KH,PO, and 0.72 M K,HPO,) was added to an end
concentration of 100 mM. Precultures were prepared by grow-
ing the cryo-preserved cells in 30 mL TB medium containing
30 pg/mL chloramphenicol at 37°C and 160 rpm in an orbital
shaker for 7 h. The connection was made by autoclavable
silicone tubing (d = 1.6 mm, Idex Health and Science, Lake
Forest, USA). For biofilm cultivation, the flow cells were first
run as a batch culture in a loop (see Figure 2, dotted line).
The corresponding P & ID is shown in Figure 2. Handling
of all components and media as well as inoculation and
cultivation was carried out under strict sterile or monoseptic
conditions, respectively. Batch processes were carried out in
50 mL TB medium containing 30 ug/mL chloramphenicol in
250 mL conical flasks (flask B). Cultivation was started by
inoculation with mid-exponential cells to an ODg of 0.01. A
downstream integrated rotating displacement pump (IPC-N 8
peristaltic pump; Idex Health and Science) was used and the
flow rate was maintained at 5 mL/min with an intermittent
operation (15 min pumping, 60 min break) for cell attachment
and biofilm formation [21,26]. Flask B was incubated at 37°C
and 120 rpm in a shaking incubator for approximately 3 h
until the ODg, reached 0.8. Then, expression of GFPmut2
was induced by sterile addition of L-arabinose to a final
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TABLE 1 Structural details and surface properties of micro-milled stainless steel and titanium substrata used in this study

Mean roughness R, Contact angle O (°)
Metallic substrate Structural details (pum) with error with error
SS_line Longitudinally parallel, 56 X 5 ym (W x D), 49.1 + 1.9 86.7 + 4.1
250 pm interspace
T _linel Longitudinally parallel, 50 X 5 ym (W X D), 335 + 44 56.0 + 5.8
250 um interspace
T_line2 Longitudinally parallel, 50 X 5 ym (W X D), 356 + 3.3 46.1 + 14.3
50/100/250/500 um interspace (4-array)
T_dot Pockets, 5 um deep, 50/100/250/500 pm 334.1 + 154 452 + 14.8

interspace (4-array)

concentration of 0.2 mg/mL to the culture. Afterwards, the
batch cultivation was operated at 30°C for 15 h to allow for
O, dependent maturation of the produced GFP. Hereafter, the
setup was switched to the continuous process through a sterile
mounted single-use three-way valve (Discofix, B. Braun
Melsungen AG, Melsungen, Germany). Fresh medium was
supplied at a constant flow rate of 1 mL/min from a separate
feed vessel (flask C) (see Figure 2, solid line). Flask C was
connected with a main feed bottle F via silicone tubing,
to maintain an uninterrupted flow of the fresh medium.
The entire setup of flask B and C was placed in a shaking
incubator at 37°C and 120 rpm. The flow cell (Figure 2,
FC) was kept in an incubation chamber at 37°C equipped
with the confocal laser scanning microscope. The outlet of
the flow cell was switched to a waste bottle (Figure 2, W)
through another sterile three-way valve for the continuous
process. Two sets of experiments were performed to study
the comparative analysis of biofilm growth between the
micro-milled line structured stainless steel (SS_line) and line
structured titanium substrata (T _linel) as well as between
line structured titanium (T_line2) and dot structured titanium
substrata (T_dot) both with variable interspace (Table 1).
All the substrata were successively cleaned with acetone,
isopropanol, and ultrapure water for 10 min in an ultra-sonic
bath at maximum energy input. The titanium samples were
treated with oxygen plasma to remove residual organic
components according to [23]. Each set of experiments was
performed as biological triplicate.

2.6 | Analysis of biofilm growth

Biofilm growth was monitored with a Leica SP5 II confocal
laser scanning microscope equipped with HCX PL Fluotar
10x/0.30 NA dry objective and a XYZ electronic translator
platform to ensure reproducible measurements. The used
magnification provides a wide field of view, thus allowing
to scan a larger area of the sample at once to determine the
biofilm coverage area. Image stacks were taken from the
substratum surface up to a suitable height in order to record
the complete z-dimension of each biofilm. LAS AF software

was used to export the data into individual image files
(JPEG/TIFF). During the continuous monitoring, the flow
cell was kept on the stage of the microscope. Biofilm growth
on each substratum was monitored every hour for 6 h of
continuous cultivation. Reflection mode at 488 nm was used
to determine the surface position. Biofilm cells were studied
by detecting the GFPmut2 expression with excitation at
488 nm and emission at 500-530 nm. All image stacks were
taken under identical conditions at a system optimized auto
generated z-interval of 2.39 um. After the CLSM measure-
ment, the image stacks were post processed with the ImageJ
1.51 (US National Institutes of Health, Bethesda, MD, USA,
http://imagej.nih.gov/ij/) software to obtain a complete depic-
tion of biofilm development on different surfaces. The 3D
biofilm architectural parameters such as mean thickness, sub-
stratum coverage, and roughness coefficient were determined
by Phobia Laser Scanning Microscopy Imaging Proces-
sor (PHLIP) software (http://phlip.sourceforge.net) [27].
The image stacks were processed using Auto-PHLIP-ML
(http://sourceforge.net/projects/auto-phlip-ml). Biofilm mean
thickness, representing the spatial size and upper extent of the
biofilm, was calculated as the average distribution of max-
imum pixel height in z-direction of the image stack [27,28].
Substratum coverage represents the area occupied by biomass
in the first image stack and denotes how efficiently bacteria
colonize the substratum [29]. The roughness coefficient
provides a measure of variations in biofilm thickness and
is an indicator of biofilm heterogeneity [30]. Data were
exported in HTML format and statistically analyzed using
Origin 2016G. Image] with Volume Viewer 1.31 plugin
(https://imagej.nih.gov/ij/plugins/volume-viewer.html) ~ was
used for processing of generated image stacks [5,31].

3 | RESULTS

3.1 | Surface properties of substrata

Deterministically patterned surfaces of titanium, as well as
stainless steel with defined microstructures, were fabricated
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FIGURE 3 3D biofilm architectural parameters with respective standard deviations (n = 3) for the biofilms grown on stainless steel (SS_line)

and titanium (T_linel) substrata. A being the biofilm mean thickness, B the surface coverage and C the biofilm roughness. Data were extracted from
CLSM images taken with Leica SP5 II, HCX PL Fluotar 10x/0.3 NA dry objective

through micro milling, as well as polishing to different grades
of roughness. The values of mean roughness and contact
angle for all substrata are given in Table 1. Compared to the
microstructured titanium substrata, the stainless steel surface
was found to be significantly more hydrophobic.

3.2 | Biofilm formation and determination of
biofilm architectural parameters

In this study, CLSM-based continuous monitoring of biofilm
growth on non-transparent metallic surfaces is reported for
the first time. To enable proper penetration of the laser beam
necessary for CLSM studies, the batch process was shifted
to a continuous process in which fresh medium was supplied
at a flow rate of 1 mL/min in order to minimize artifacts
and disturbances such as increased turbidity due to planktonic
cells. Biofilm growth underwent 6 h of continuous cultivation.
No significant differences in the development of the biofilm
and its 3D architectural parameters were found between the
line structured stainless steel (SS_line) and titanium surfaces
(T_linel). In the beginning of the continuous phase, biofilm
thickness was 135 + 43 um for SS_line and 132 + 73 ym
for T_linel substrata. For titanium, this did not increase sig-
nificantly with time, while for stainless steel no significant
changes in biofilm thickness were observed during the first
5 h of cultivation. Final values for biofilm thickness were
246 + 28 um and 260 + 61 um, respectively, after 6 h of
continuous cultivation (Figure 3). Substratum coverages on
SS_line and T_linel surfaces were 34 + 23% and 46 + 31% at
0 h, respectively. This remained comparable over 6 h of cul-
tivation (60 + 10% and 62 + 15%, respectively) (Figure 3).
Roughness coefficients for the biofilms grown on stainless
steel and titanium surfaces showed a decrease over time, indi-
cating a more homogeneous biofilm was progressively devel-
oping. The values were 0.48 + 0.05 ym and 0.40 + 0.12 ym

initially at 0 hours and 0.14 + 0.06 ym and 0.17 + 0.04 ym at

6 h for SS_line and T_linel surface respectively (Figure 3).
It was observed that E. coli_GFPmut2 attaches and devel-

ops robust biofilms on both stainless steel and titanium sub-

strata. Additionally, prominent irregular voids, which are
believed to be water or nutrient channels [32] were observed

on both surfaces (Figures 4 and 6); therefore, sufficient oxy-

gen supply was assumed [33]. Expression of GFPmut2 was
shown for both surfaces.

Differentially microstructured titanium substrata were
also analyzed for biofilm formation by E. coli_GFPmut2.
From the PHLIP analysis, it was inferred that the mean
thickness and substratum coverage of the biofilms were
significantly higher on the line structured surface (T_line2)
than the dot structured surface (T_dot). Initially at O h,
biofilm mean thickness was 164 + 28 ym and 86 + 44 um
on T_line2 and T_dot surfaces, respectively. The biofilms
became thicker with time on the T line2 with a final value
of 302 + 25 um at 6 h, but the thickness did not increase
significantly with time on the T_dot surface with a final
value of 85 + 22 ym at 6 h (Figure 5). From the start of
the continuous cultivation up to 1 h, substratum coverage
was similar for the lined and dotted substrata with initial
values of 39 + 18% and 26 + 1%. Over time, the value of the
said parameter increased significantly for the T_line2 with
a final value of 65 + 7% after 6 h. No significant increase
was observed for the T_dot substratum, with a final value
of 29 + 12% (Figure 5). The roughness coefficient for the
biofilms grown on the line structured substratum was initially
0.47 + 0.03 and showed a significant decrease with time
(0.18 + 0.09 after 6 h), signifying the development of a stable
and homogenous biofilm. In contrast, biofilm formation was
more heterogeneous on the dotted substratum, as shown by
the respective roughness value of 0.54 + 0.06 at O h and
0.45 +0.17 at 6 hours (Figure 5). It is evident from the PHLIP
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latter surface was not conducive to biofilm formation as evi-
denced by significantly less biofilm accumulation (Figure 6).

4 | DISCUSSION

This study presents an approach for continuous monitoring
of fluorescent E. coli biofilms during cultivation on various
metallic substrata, as well as the assessment of their structure
from CLSM data. While each of the techniques used in this
study has been independently described before [20,34], this is
the first time that they have been combined to study biofilm
growth on metallic substrata continuously during cultivation.
Analyzing growth on metallic surfaces is a challenge by itself
due to the highly reflective surface and the fact that the sub-
strata are usually opaque, only allowing them to be observed
from above. This is further complicated by the aim of monitor-
ing living biofilms, which in this study were grown in custom-
built flow cells and thus posed other challenges in develop-
ing the experimental setup with several limitations (such as
microscopy with lower magnification due to flow chamber
height). In spite of these challenges, we successfully demon-
strated the applicability of the system by continuously moni-
toring the growth of GFP-expressing E. coli biofilms in flow
cells on metallic substrata of different type and structure.

FIGURE 4 CLSM images of E. coli biofilms observed for Previous studies on other microorganisms have proven an
SS_line (A-C) and T_linel (D-F) after O h, 4 h and 6 h of continuous influence of the surface topography and/or the material used
cultivation in flow cell, respectively. Images were taken of one distinct on attachment and growth, as well as production of com-
spot using a Leica SP5 II, HCX PL Fluotar 10x/0.3 NA dry objective. pounds by biofilms [21,35,36]. Furthermore, Singh et al. [37]
Scale bars indicate 250 ym suggested a relationship between surface roughness and bac-

terial attachment in that they are inversely related beyond a
as well as ImageJ analyses (Figure 6) that biofilm formation specific threshold. The dotted titanium surface in our study
was favored on the T_line2 and not on the T_dot substratum. had the highest mean roughness of the substrata used and
The biofilms were evenly spread and growth occurred the lowest biofilm growth with approximately half the val-
consistently with time on the T_line2. On the contrary, the ues for thickness and surface coverage of the biofilms grown
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FIGURE 5 3D biofilm architectural parameters with respective standard deviations (n = 3) for the biofilms grown on lined (T_line2) and
dotted (T_dot) titanium substrata. A being the biofilm mean thickness, B the surface coverage and C the biofilm roughness. Data were extracted from
CLSM images taken with Leica SP5 II, HCX PL Fluotar 10x/0.3 NA dry objective
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FIGURE 6 CLSM images of E. coli biofilms observed for
T_line2 (A-C) and T_dot (D-F; 100 um interspace) after O h, 2 h and

6 h of continuous cultivation in flow cell, respectively. Images were
taken of one distinct spot using a Leica SP5 II, HCX PL Fluotar 10x/0.3
NA dry objective. Scale bars indicate 250 ym

on the line structured titanium surface 2 and higher biofilm
roughness, indicating stunted growth on that surface. This
could be due to the irregularity of the surface, generating
small turbulences that make it harder for the bacteria to attach.
The hydrophobicity of the surfaces seems to have no influ-
ence in this case, as the contact angles were almost iden-
tical for the line structured titanium surface 2 and the dot-
ted titanium surface. Considering the properties of stainless
steel and cp-titanium, this was expected. When comparing
biofilm growth on line structured surfaces of stainless steel
and titanium (SS_line and T_linel), no significant differ-
ences in either biofilm thickness, surface coverage, or biofilm
roughness were detected, even though the materials differ in
surface roughness and hydrophobicity, further supporting this
assumption. A similar observation has been made by Koseki
et al. [38] for S. epidermidis biofilms, where the biofilm cov-
erage rates were almost identical on both stainless steel and
titanium after 6 h cultivation time.

As indicated, the general biofilm structure regarding chan-
neling, voids and porosity justified the assumption that

in Life Sciences

oxygen as well as nutrients were not limited, as shown by,
e.g., Lewandowski and de Beer et al. [32,33].

The apparent influence of surface topography on cell
attachment and biofilm growth of various bacteria, including
E. coli, has been shown for other microtopographies and sur-
face modifications [39—41], corroborating the present find-
ings that biofilm growth on identically structured stainless
steel and titanium do not differ. The present results indicate
that the topography is the main factor in biofilm growth and
development. For example, cells attach preferably to grooves
and crevices [42]. In accordance to the findings of Mitik-
Dineva et al. [42], this was also shown for the dotted sur-
face T_dot, but subsequent biofilm development was inhibited
compared to the line structured titanium. A possible explana-
tion may be the occurrence of microturbulences at those pits.
All line structured substrata are oriented in the direction of
media flow, which ensures a steady, laminar flow all through-
out the flow cell (flow cell CFD analysis, e.g., in [14]). Future
studies should include substrata with perpendicular grooves to
investigate the influence of surface structuring on micro fluid
mechanics and thus biofilm development.

Overall, this approach enables researchers from basic to
medical research and industrial applications to further their
understanding of biofilm development on opaque surfaces.
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