Colloids and Surfaces A: Physicochemical and Engineering Aspects 705 (2025) 135542

COLLOIDS AND
SUI ES A

Contents lists available at ScienceDirect

Colloids and Surfaces A: Physicochemical and Engineering
Aspects

ol
ELSEVIER journal homepage: www.elsevier.com/locate/colsurfa

Carbon nanofiber orientation influences bacterial adhesion under flow
conditions

Julia Schulte-Hermann ¢, Hagen RieBland ?, Stefan Hengsbach **, Jan G. Korvink ?,
Neil MacKinnon ®*, Monsur Islam ¢*

2 Institute of Microstructure Technology (IMT), Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, Egg in-Leopoldshafen, 76344, Germany
b Karlsruhe Nano Micro Facility KNMFi, Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, Eggenstein-Leopoldshafen, 76344, Germany
¢IMDEA Materials Institute, Tecnogetafe, Calle Eric Kandel 2, Getafe, Madrid, 28906, Spain

GRAPHICAL ABSTRACT

Number of bacieria
g8 & 8 8§

o 8 3

5 210 a1
Bulk velocity (mmis]

ARTICLE INFO ABSTRACT
MSC: Biosensing methods continue to increase in complexity, and together with growing interest in living materials,
0000 new options for fixing bacteria under flow conditions are needed. Current methods of cell fixation consist of

* Corresponding authors.
E-mail addresses: julia.schulte-hermann@kit.edu (J. Schulte-Hermann), neil.mackinnon@kit.edu (N. MacKinnon), monsur.islam@imdea.org (M. Islam).

https://doi.org/10.1016/j.colsurfa.2024.135542
Received 12 August 2024; Received in revised form 20 September 2024; Accepted 9 October 2024

Available online 18 October 2024
0927-7757/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/colsurfa
https://www.elsevier.com/locate/colsurfa
mailto:julia.schulte-hermann@kit.edu
mailto:neil.mackinnon@kit.edu
mailto:monsur.islam@imdea.org
https://doi.org/10.1016/j.colsurfa.2024.135542
https://doi.org/10.1016/j.colsurfa.2024.135542
http://creativecommons.org/licenses/by/4.0/

J. Schulte-Hermann et al.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 705 (2025) 135542

1111 microfluidic cell trapping, dielectrophoretic immobilization, chemical fixation, or cell encapsulation. However,
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these methods come with disadvantages, such as chemical alteration, isolation, or exposure to high shear
forces. In this work we present electrospun carbon nanofibers as a new cell scaffold material, and explored the
potential of this material for bacterial adhesion under normal flow conditions. To characterize immobilization,

model organisms E. coli were introduced into carbon nanofiber samples, and after an incubation period,
perfusion at different flow speeds was applied. Adhesion was quantified by counting the number of bacteria
remaining on the scaffold after a fixed period of flow exposure. The fibers were additionally characterized for
their wettability and surface roughness, properties expected to influence adhesion. It was observed that a larger
fraction of bacteria remained on the scaffold as flow rates increased in comparison with surfaces without the
scaffold. Thus, electrospun carbon nanofibers provide an interesting approach of bacterial fixation given their
biocompatibility and tune-able properties (e.g electrical conductivity and fiber diameter), opening a variety
of applications and enabling tailored scaffolds optimized for a variety of processes and bacteria strains.

1. Introduction

The past decade has witnessed a substantial interest in using living
bacteria in functional assays, owning to their adaptive and autonomous
characteristics. Examples of applications include biosensing [1-4], ma-
terial synthesis [5-7], and energy production [8,9]. These often require
the bacteria in conjunction with an abiotic substrate or scaffold. Thus,
bacterial fixation or adhesion is an important criterion for these ap-
plications. For example, biohybrid living photoelectric cells require a
strong adhesion between the bacterium and an electrode surface to
enable easier and more efficient electron exchange among them for
energy storage purposes.

Common current approaches for bacterial immobilization include
chemical fixation, microfluidic traps [10-12], gel matrices [13,14],
trapping through antibodies [15], fiber trapping [16-18], and dielec-
trophoretic trapping [19]. However, these approaches feature several
disadvantages.

Chemical fixation with formaldehyde or similar analytes alters the
cell integrity and dimensions, and reduces the concentration of fluores-
cent proteins, which are important in applications such as biosensing
[20].

Microfluidic traps are mainly used for minimally invasive, targeted
single-cell trapping. Microstructures are used to fixate cells in a prede-
termined position. These structures can be wells with inverse-tapered
walls [10], wells with slanted side walls [11], or column structures
[12]. A detailed overview of hydrodynamic trapping systems is given
by Luan et al. [21]. A similar approach is provided by trapping through
the use of membranes [22]. However, depending on the flow field that
the cells experience, they are exposed to non-negligible shear forces
[23], and clogging of the structures or membrane can result.

Cell encapsulation within gel matrices, such as hydrogels or poly-
mers [13,14], while avoiding shear forces, reduces a cell’s reaction time
to analytes, and decreases potential adsorption of the analytes by the
gel material [3]. Flickinger et al. [24] managed to increase the reaction
time of gel-entrapped bacteria by printing bacteria as a nano-porous
gel film. The integration of antibodies into a gel matrix, facilitating
cell adhesion, increases the reaction time of whole-cell biosensors
[15]. However, hydrogel trapping is sensitive to flow conditions and
non-constant flows [13].

Encapsulating bacteria using an electrospun polymer and bacterial
solution, under the correct conditions [16,18], enables bacteria to be
entrapped within the fiber itself. A similar fiber-based approach is the
treatment of fibers, such as cotton, polyester, viscose rayon, and silk,
with a crosslinking agent for fixating the bacteria [17].

Unfortunately, a perfect matrix has not been identified, as these
methods come with drawbacks: altered cell integrity, exposure to shear
force stress, decrease in response time, flow sensitivity, or complicated
manufacturing or coating processes.

In this paper, we postulate electrospun carbon nanofibers as a
matrix material for bacterial fixation for flow conditions. Carbon is
a highly biocompatible material [25-28] and is widely used for vari-
ous biological applications [27,29-31]. Furthermore, carbon nanofibers

feature good electrical conductivity and tunable porous microstruc-
tures, making them suitable electrode materials in applications such
as sensors and energy devices [32-35]. Carbon nanofibers have a high
potential to integrate with living cells, particularly bacteria, to develop
biohybrid living systems and further enhance their performances in
sensing or energy storage [36]. However, towards such development,
it is essential to consider substrate adhesion.

Here, we study bacterial adhesion to electrospun carbon nanofibers
applied on a silicon substrate under varying flow conditions. The
adhesion is compared with a blank silicon substrate, commonly used
in MEMS-based devices, as well with carbon film applied on sili-
con. Furthermore, adhesion is also evaluated for the effect of carbon
nanofiber orientation, and correlated with the surface properties of
carbon nanofibers.

2. Materials and methods
2.1. Fabrication of carbon nanofibers

The fabrication process of carbon nanofibers is illustrated in Fig. 1,
which involves the electrospinning of polyacrylonitrile (PAN) and
subsequent pyrolysis. To facilitate the electrospinning, PAN was first
dissolved in N,N-dimethylformamide (DMF; Catalog number: 1.03053.2
511, VWR, Germany) to yield a concentration of 10% (wt.%). The
PAN/DMF solution was electrospun using the following parameters:
voltage = 10kV, spinneret to collector distance = 10cm, solution flow
rate = 10pLmin~". Electrospun fibers were collected on a silicon (Si)
substrate, featuring an area of 1cm?. Silicon was chosen as the base
material due to its heat resistance, making it suitable as a carrier
substrate for pyrolysis, and the adhesion of carbon nanofibers to the
material during exposure to liquids. Typically, this configuration of
electrospinning resulted in random fiber orientation. To obtain aligned
fibers, the as-spun fibers were manually pulled on Si substrates. Upon
electrospinning, the fibers were stabilized on a hot plate at 200°C
for 2h to promote cross-linking of the polymer. The electrospun PAN
fibers were next carbonized in a horizontal tube furnace (Nabertherm,
Germany) at 900 °C for 2 h in a constant nitrogen gas flow (80Lh~!) con-
dition, as typically used for the carbonization of organic precursors [37,
38]. Fig. 1 presents examples of randomly oriented carbon nanofibers
and aligned carbon nanofibers. The flow-through experiments used
three different configurations of these carbon nanofibers, which in-
cluded (i) the randomly oriented carbon nanofibers, (ii) aligned carbon
nanofibers with the orientation parallel to the flow, and (iii) aligned
carbon nanofibers with orientation perpendicular to the flow. For
comparison with the carbon nanofiber samples, we also prepared a
planar carbon film through dropcasting of PAN/DMF solution followed
by carbonization. To determine the influence of the silicon on the
measurements, bare silicon was investigated as well.

2.2. Material characterization

Surface properties, such as wettability and surface roughness, stro-
ngly influence bacteria adhesion on surfaces [39,40]. The wettability
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Fig. 1. (a) Fabrication process of carbon nanofibers on silicon. (b) Randomly orientated carbon nanofibers. (c) Aligned carbon nanofibers.

of the investigated materials was characterized through contact angle
measurements using an OCA20 from DataPhysics. For the measure-
ment, a droplet of 1pL distilled water was formed at the tip of a
syringe. The syringe tip was then lowered until the droplet touched
the surface of the material, and the droplet was released from the
syringe by lifting the syringe. A picture of the droplet on the surface
was captured. The contact angle of the water droplet was determined
with the contact angle plugin of ImageJ [41]. Contact angles of 6
> 90° indicate hydrophobicity and contact angles of § < 90° show
hydrophilicity [42].

We measured the surface roughness of our samples using confocal
scanning microscopy (MarSurf Expert, Mahr). The optical system used
for the microscopy featured a lens of 100 magnification, a free working
distance of 1 mm, a numerical aperture of 0.8, and a visual field of 160
by 160 pm. Confocal scanning microscopy is based on dynamic focusing
and a focus detection technique, meaning only image information is
recorded which is in the focus point. To generate surface topography
images, the substrate or lens is adjusted vertically, and the microscope
detects the focused parts of the substrate. A detailed description of the
working principle of confocal scanning microscopy has been given by
Udupa et al. [43] With the generated topography maps of the samples,
the arithmetical mean height (Sa) and root square mean height (Sq)
were calculated using Eq. (1).

Sa = l/ |z(x, y)|dxdy (1a)
Al

Sq = ﬂ % //A z2(x, y)dxdy (1b)

The arithmetical mean height (Sa) is the difference in height of each
point compared to the arithmetical mean of the surface. It is used to
evaluate surface roughness [44]. The root square mean height (Sq) is
equivalent to the standard deviation of heights [45]. For each sample
type, we evaluated an area of 100 pm x 100 pm.

2.3. Bacteria cultivation

A BL21(DE3) Escherichia coli strain, with the pET_ST-eGFP-His plas-
mide producing green fluorescent protein (GFP) with an emission

wavelength of 516nm to 556nm when exposed to isopropyl g-D-1-
thiogalactopyranoside (IPTG), was selected as a model organism to
investigate bacterial adhesion [46]. Advantages of using E. coli in-
clude relatively simple cultivation, their accessibility, and well-known
behavior and properties. The fluorescence enables bacteria visibility
of samples under a fluorescence microscope. To ensure comparability
and reproducibility, a liquid culture of GFP emitting E. coli was in-
cubated in 20mL LB media, 0.26926 mmol L~ ampicillin sodium salt,
and 100 pmol IPTG for 18 h in an incubator at 37 °C. Cryostocks were
created from the incubated liquid culture by centrifuging 10mL at
4000rev min~! for 10 min. The excess liquid was removed, and the bac-
teria were resuspended in 10 mL phosphate-buffered saline (PBS). Then,
the centrifuging and resuspending steps with PBS were repeated. Before
another repetition, the ODg,, was measured to ensure a high enough
bacteria density in the PBS. Afterward, the solution was centrifuged
again at 4000rev min~! for 10 min, the excess liquid was removed, and
the cells were resuspended with 5mL LB media. 30 cryostocks were
created from the solution by adding 23.25 pL of 80% glycerol, 26.75 pL
H,0 and 50 pL of the prepared bacteria solution in a micro tube. Each
tube is vortexed and then placed in a —20°C freezer. One cryostock
was utilized per adhesion test. The cryostock was defrosted by placing
it in a 8 °C fridge for 20 min before centrifugation at 5000rev min~' for
10 min. Afterward, the excess liquid was removed, and the bacteria were
resuspended in 10 mL of LB media. The next step was the detection of
the optical density, ODg, to estimate the amount of required bacteria
culture to achieve an ODgy of 0.005 in 20mL LB media. The fresh
LB media, bacteria culture at 37 °C, 20 pL ampicillin sodium salt, and
100 pmol IPTG were mixed.

2.4. Sample preparation

The substrate samples were placed in a Petri dish and exposed to
20mL of the prepared bacteria culture with an ODgg, of 0.005. For
cell growth, the samples were incubated at 37 °C for two hours in the
bacteria culture. After incubation, the samples were stored in PBS for
bacterial preservation. PBS is qualified for bacteria preservation [47,
48] as it prevents deleterious effects due to osmosis, e.g. cell rupturing.
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Fig. 2. Flow chamber. (a) Assembled view. (b) Exploded view. (c) Experimental setup of adhesion assay.

2.5. Experimental setup

The flow chamber for conducting the adhesion testing is illustrated
in Fig. 2. The chamber contained a PTFE main chamber, two PDMS
seals on both sides, an additional PMMA slide at the bottom for
increased stability, and two PMMA clamp plates on the top and bottom
for assembling the flow chamber. The chamber was mounted with
screws. The PTFE part was crafted by milling and drilling, the different
PMMA parts were fabricated by laser cutting, and the PDMS parts
were cut out of a PDMS layer. The outer dimensions of the assembled
chamber are 100 mm x50 mm x 23 mm. Inside the flow chamber is a flow
zone with a length of 37mm, width of 19mm and 9 mm height. The
flow zone is connected on both ends with triangle shaped filling and
draining zones, each with a length of 15 mm and also a height of 9 mm.
The chamber was tilted by 7.4° to the flow direction to avoid bubble
trapping during the experiments due to the periodic draining and filling
with PBS.

The components for the adhesion tests (a peristaltic pump (IS-
MATEC REGLO ICC), a PBS reservoir, and the flow chamber), were
connected via silicone tubing, illustrated in Fig. 2. The bulk velocity
in the flow chamber was determined by applying Eq. (2) with the
dimensions of the flow chamber and the volumetric flow rate. Since
the volumetric flow rate is equal in the flow chamber and the pump,
we applied the values of the calibrated pump.

The diameter of the silicone tubing in the peristaltic pump was
3.17mm and the cross-section of the flow chamber was 171 mm?.

_ 14
e @)
AChamber

2.6. Adhesion tests and evaluation

Our tested bulk velocities are: 0, 1.05, 2.10 and 3.15mms~!. The
bulk velocity values are based on flow speeds used for hydrodynamic
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Fig. 3. (a) Microscope image acquisition. (b) Image segmentation using ilastik [50]. (c) Cell counting using a Python-4-implemented watershed algorithm. Scale bar 20 pm in each

picture.

cell trapping [21]. While higher values are also applied for cell trap-
ping, the peristaltic pump limited us from testing at higher bulk ve-
locity. Additionally, too high bulk velocities might lead to higher
stress and possible cell rupturing. Ishantha Senevirathne et al. [49]
investigated the effect of an increase in shear forces on bacteria on
nanostructures and found an increase in bactericidal efficacy. For the
highest tested bulk velocity in our work, the wall shear force was
calculated to be approximately 0.021Pa, which is significantly lower
than the shear forces reported in the literature. The estimated shear
force was calculated under the assumed conditions of steady-state
incompressible laminar flow with no-slip boundary. Such a small shear
force was assumed to exert minimal impact on our experimental setup.
However, a detailed study with numerical simulation correlating the
experimental findings is needed to fully understand the impact of shear
stresses on bacterial adhesion in microfluidic systems.

In our work, three samples per bulk velocity and sample type were
tested. The sample was centered in the flow chamber, and the liquid
flow was started after sealing the flow chamber. As soon as the chamber
was completely filled, a timer was started and the flow speed was
held constant for 5min. Afterwards, the flow chamber was drained
and the sample was removed. Each sample was stored for 15min in
formaldehyde after flow exposure to fixate the bacteria, then placed
again in PBS and in the dark until examination with a fluorescence
microscope. The storage in the dark decreases the decay of the GFP.
The fluorescence microscope (Nikon Ti Eclipse) excited GFP with a
wavelength range of 464nm to 499 nm. GFP emits light in the wave-
length range of 516 nm to 556 nm. While the bacteria were continuously
excited and emitted light, the samples were scanned, and ten images
were captured with a magnification of 40x. The images were evaluated
by running a segmentation step (software ilastik [50]) to minimize
the noise before counting the number of bacteria using a watershed
algorithm in Python 3. Fig. 3 visualizes the sample evaluation steps.

2.7. SEM images

SEM images were captured with a Carl Zeiss AG - SUPRA 60VP to
visualize bacteria adhesion onto the carbon nanofibers. For comparison,
the carbon film and silicon substrates were also investigated. The
samples were incubated as described above. Since characterization in
an SEM must be carried out under vacuum conditions, the sample
must be prepared accordingly without losing its properties. A common
option is sputtering the sample with gold. However, to not influence the
carbon nanofibers samples, the samples were dried and the acceleration
voltage was lowered to 1.5kV. For the drying process the samples
were first dehydrated using ethanol after the incubation period. The
first step was placing the samples in a Petri dish filled with 15mL
PBS and incubating them for 2 min on an orbital shaker with 50 rpm.
Afterward, the PBS was replaced with 15mL distilled water, and the
samples were shaken again at 50 rpm for 5 min. This step was repeated

one more time. The water was then removed, and 15mL of a 25%
ethanol and 75% distilled water mixture was added. This mixture was
replaced after 5min with 15mL of a 50% ethanol and 50% distilled
water mixture. The liquid was substituted with 15mL of 75% ethanol
and 25% distilled water, and the samples were washed at 50 rpm for
5 min. This step was repeated with 15mL of a mixture of 95% ethanol
and 5% distilled water. Afterward, the liquid was removed, and 15mL
of 100% anhydrous ethanol was added to the samples, which were
then washed for 5 min at 50rev min~. This step was repeated two more
times. The samples were then dried for 20 min. The last preparation
step was placing the samples in 3M™ Novec™ 7100 High-Tech fluid for
2min followed by a final drying step for 1 min. Due the low viscosity
of this fluid the surface tension arises while drying can be decreased
significantly. The attributes of this fluid allow fast evaporation. The
samples were placed into the SEM for imaging.

3. Results and discussion
3.1. Material characterization

The contact angle of the carbon nanofibers mat exhibited a depen-
dency on fibre orientation. The observed contact angles, summarized in
Fig. 4, were 99° +5°, 75° +£4°, 50° + 1°, and 59° +0.5° for the randomly
oriented carbon nanofiber, aligned carbon nanofiber, carbon film, and
bare silicon samples.

From analysis of the surface topology (Fig. 5), a difference in fiber
density was found between the samples with randomly oriented com-
pared to aligned carbon nanofibers. Using an area of 100 pmx 100 pm to
calculate the arithmetical mean height, surface roughness was observed
to increase: silicon < carbon film < random fibers < aligned fibers
(3.7nm, 6.3nm, 19nm, and 140nm). The increased roughness of the
randomly oriented fibers likely stems from the increased fiber density,
reflected in the large root mean square height of 180 nm measured for
this sample. The fiber density could also explain the relatively large
variations in contact angle measurements for these two samples, as a
droplet had the possibility to contact the fiber and/or silicon substrate.

3.2. SEM images

Fig. 6 presents the SEM images of adhering E. coli on the silicon,
carbon film, and randomly oriented carbon nanofiber samples. Given
the relatively harsh sample preparation procedure, the SEM images
could not be used for any quantitative analysis. For this reason, we
were not able to find E. coli on the samples with aligned carbon
nanofibers. Nevertheless, it could be demonstrated that bacteria do not
only adhere to silicon and carbon films, but also to carbon nanofibers
(Fig. 6(c)). The average fiber diameter for the randomly orientated
carbon nanofibers was 180+30 nm and for the aligned carbon nanofibers
131 +30nm. The significant difference in the diameter of the randomly
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Fig. 6. SEM images of E. coli on different substrates. (a) Silicon. (b) Carbon film. (¢) Randomly oriented carbon nanofibers.

oriented (M = 180nm, SD = 29) and aligned fibers (M = 131nm,
SD = 30) was significant, #(20) = 3.66, p = 0.0007, could be attributed
to the manual pulling of the precursor fibers. The manual pulling
can cause internal stretching of the polymeric chains, finally leading
to decreased fiber diameter, as also observed for electrospun carbon
nanofibers obtained on a rotating drum collector [51].

3.3. Adhesion tests

To evaluate the total bacteria amount per sample, the cells were
counted over ten captured fluorescence images over different regions
of each sample. Each picture covered a surface of 500 pm x 500 pm. Per
bulk velocity, three samples were investigated and the collected values
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were averaged. These values are plotted for all sample types in relation
to the different flow speeds (Fig. 7).

A trend of decreasing bacteria numbers as the flow rate increased
was observed across all sample types. The carbon film had the largest
initial number of bacteria, followed by randomly oriented carbon
fibers, silicon, and parallel and perpendicular fibers. At the highest bulk
velocity tested (3.15mms™!), the number of bacteria remaining on the
substrates was also observed to be similar across all samples.

Silicon performed the worst in retaining bacteria at the intermediate
bulk velocities compared to the carbon substrates.

A one-way ANOVA revealed a statistically significant difference
in the mean of the counted bacteria between at least two samples
(F(2,27) = [10,501], p = 0,00042) of the randomly oriented carbon
nanofibers at 1.05mms~!. A post-hoc Scheffe test revealed, that the
sample with an average bacteria count of 153 bacteria is statistically
significant different from the other two samples and could be based
on the carbon nanofiber density distribution. However, for the three
samples of carbon film at 0omms~!, an ANOVA did show no statistically

significant difference between the counted bacteria amounts (F(2,27) =
[2,8301], p = 0,077). Still for the sample of an lower average of
29 counted bacteria compared to the 43 and 49 counted bacteria,
the manufacturing could have contributed. It was observed that the
precursor PAN fibers and PAN film were not always evenly distributed
before pyrolysis.

To show a significant difference between the groups, a Student’s t-
test was conducted for the bacterial adhesion at 0 mms~!, by comparing
the means of the different samples. The resulting values can be found
in Table 1. The test revealed that there is a statistically significant
difference between most of the samples, aside from that resulting from
differences among perpendicular to parallel oriented carbon nanofibers.
This was expected due to the samples being fabricated the same way
and not experiencing a difference due flow exposure at 0omms~'. Fur-
ther, there was also no statistically significant difference between the
initial bacterial adhesion to random oriented carbon nanofibers and
carbon film.
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Table 1

Student’s t-test results for the initial adhering bacteria at a bulk velocity of 0Omms~' of the different samples for a = 0.05. For p-values smaller than «, there is a statistically
significant difference. Values with blue background show a statistically significant difference, whereas values with gray background do not.

Parallel oriented Perpendicular oriented Carbon film Silicon
carbon nanofibers carbon nanofibers
M = 18.63 M = 25.3 M = 68.63 M = 51.17
SD = 6.92 SD = 150.75 SD = 1340.00 SD = 20.81
Random oriented M = 66.83 p = 6%e-6 p = 0.002 p=04 p = 0.003
carbon nanofibers SD = 2.89
Parallel oriented M =18.63 p=0.2 p = 0.04 p = 0.0002
carbon nanofibers SD = 6.92
Perpendicular oriented M =253 p = 0.04 p = 0.01
carbon nanofibers SD = 150.75
Carbon film M = 68.63 p =02
SD = 1340.00

An alternate view of the data is to estimate the relative bacteria
loss as a function of flow rate for the various samples tested by
normalizing the number of bacteria remaining compared to the no-
flow condition. Through this view, the significant difference between
the different samples can be better illustrated. As shown in Fig. 9, it is
again clear silicon performed the worst in retaining bacteria under flow.
Bacteria on carbon film were resilient to a bulk velocity of 1.05mms~!,
followed by a significant loss at increased flow rates. The carbon
nanofibers oriented perpendicular to the flow direction performed best
in retaining bacteria under all flow rates tested, with 60% still on the
surface even at the highest bulk velocity. Both randomly and parallel
oriented nanofibers performed well at the intermediate bulk velocities,
and while parallel fibers out-performed the carbon film at 3.15mms~!,
significant loss was observed at this flow rate. One hypothesis as to
why perpendicularly oriented carbon nanofibers outperform the other
carbon nanofiber orientations might be, that bacteria adhering to fibers
with orientation perpendicular to flow have non-zero probability of ex-
periencing reduced flow forces. The bacteria are most likely protected
against flow by the fiber, or supported against flow force. Bacteria
adhering to fibers oriented parallel to the flow direction likely do
not enjoy such protection and are exposed directly to the flow force,
although potentially with a smaller cross-section.

Bacteria adhesion-enabling behavior is dependent on different ma-
terial and surface properties, such as wettability, the topography of
the material in relation to bacteria size, material stiffness, and surface
roughness [39]. The detected contact angle measurements correlate
with the initial bacteria adhesion at 0 mms~! for the carbon film and sil-
icon samples. As discussed by Zheng et al. [39], wettability has a strong
influence on bacteria adhesion, and hydrophilicity facilitates bacteria
adhesion. The adhesion test results for the samples without carbon

nanofibers indicate that the wettability is mainly relevant for the initial
bacteria adhesion on smooth surfaces. This correlates with the detected
bacteria amount at 0 mms~'. Carbon film with a contact angle of 50° has
the highest wettability of the tested samples and also the highest initial
bacteria adhesion with an approximate average of 69 counted bacteria
per captured image and sample under no-flow conditions. Silicon had
an average of 51 counted initial adhering bacteria under non-flow
conditions and the second smallest contact angle of 59°. However,
while the randomly oriented carbon nanofibers have the largest contact
angle (99°), they had the second highest average of initial adhering
bacteria counted of 67. Perpendicular fibers had an initial adhering
bacteria amount of 25 and parallel aligned carbon nanofibers had 19.
The different topography of the carbon nanofibers possibly influenced
the initial adhesion of bacteria, hence, the wettability might not be the
primary influence for the nanofiber samples. Due to the fibers having
a diameter in the range of below 200nm and E. coli having a length of
3um and diameter of 500 nm, the fiber size might impede the bacteria
adhesion. Silicon has a flat surface, and carbon film is relatively flat
as well, which might facilitate bacteria adhesion. Surface stiffness is
another potential factor for cell adhesion, but previous studies were
not conclusive and indicated that the bacteria size additionally needs to
be investigated in this context [39]. Higher surface roughness enables
increased bacteria adhesion and biofilm formation [39]. The surface
roughness measurements of the samples showed that the carbon fiber
samples have higher surface roughness than the carbon film and the
silicon samples. This is a potential explanation for the bacteria density
under flow conditions on the carbon nanofiber samples decreasing
less then the smooth samples. Another factor might be the roughness
of carbon nanofibers being similar to extracellular matrix material,
which the bacteria might sense and hence attach in larger amounts.
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Another possibility could be the random distribution of pore sizes for
the randomly orientated carbon nanofibers, which offers the option
of pores in the size of a bacterium and trapping bacteria in these
pores. Additionally, carbon film has a higher surface roughness than
silicon and reduced bacteria loss with increasing flow rate compared
to silicon. Fig. 8 shows exemplary pictures of the fluorescence images
of the different sample types at 0 and 3.15mms~!. The larger gaps
between bacteria in the CF samples is likely caused by an uneven
distribution of fibers. The images demonstrate the adhering bacteria
have no orientational preference, regardless of the orientation of the
carbon nanofibers. The fluorescence pictures of 3.15mms~! further
prove that the bacteria orientation does not change with flow applied.
This indicates a strong adhesion of the bacteria to the sample surfaces.

Kallas et al. [52] applied a similar adhesion testing method to
investigate the influence of Type 1 Fimbriae of E. coli on the bacterial
adhesion to nanotstructured surfaces with 40nm diameter pillars in
polycarbonate with different surface coverage. However, they evalu-
ated the results over the surface coverage of the bacteria and had a flow
rate of 20mL min~! for 5 min. The results showed a clear trend of bacte-
ria better adhering under these conditions with a higher nanostructure
density. Nevertheless, different nanostructure shapes or sizes can poten-
tially cause cell damage [52]. We observed a similar behavior, that the
carbon nanofibers as nanostructures enabled better bacterial adhesion
under flow conditions. Even better adhesion might be achieved with
a denser fiber distribution and potentially oxygen plasma treatment
of the fibers for increased wettability and thus higher initial bacteria
adhesion. Investigation of the adhesive behavior of E. coli for higher
flow conditions, like the one investigated by Kallas et al. [52] might
be interesting in the future when the carbon nanofibers are utilized to
different applications where a fast liquid exchange is necessary and the
carbon nanofibers perform better than silicon or carbon film. Potential
applications of those could be whole-cell biosensors on a MEMS device,
to test toxicity or the presence of certain chemical compounds in mixing
devices as well as the need for fast nutrition exchange.

4. Conclusions

In this study, bacterial adhesion on carbon nanofibers with differ-
ent orientations, under flow conditions, was investigated. For further
comparison, carbon film and silicon substrates were examined with
regard to their ability to promote and sustain bacterial adhesion under
the same flow conditions. The results for carbon nanofibers showed
promising opportunities for adhesion under flow, even for higher flow
rates used in this study. Compared with silicon and carbon film, the
carbon nanofibers offered better support for the bacteria. Further, when
the fibres were oriented perpendicularly to the flow, the best support
for adhesion was found.

The outlook of this study, for the case of carbon nanofibers as a
suitable matrix for hosting bacterial cells, is highly promising towards
developing novel biohybrid living systems. However, more extensive
investigations are required to fully clarify the interaction between
bacteria and the carbon nanofiber substrate. Such fiber-based biohybrid
systems could exhibit enhanced functionalities for different applica-
tions, due to the synergistic properties of the involved counterparts.
Such applications might include living sensors for healthcare, sensors
for environmental monitoring in harsh environments owing to the
extremophilic behavior of certain bacteria and the compatibility of
carbon, or for photosynthetic energy conversion which, in the future,
may be useful for space exploration.
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