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The bactericidal effect of biomimetic nanostructured surfaces has been known for a long time, with recent
data suggesting an enhanced efficiency of the nanostructured surfaces under fluid shear. While some of the
influential factors on the bactericidal effect of nanostructured surfaces under fluid shear are understood,
there are numerous important factors yet to be studied, which is essential for the successful
implementation of this technology in industrial applications. Among those influential factors, the
orientation of the nanostructured surface can play an important role in bacterial cell adhesion onto
surfaces. Gravitational effects can become dominant under low flow velocities, making the diffusive
transport of bacterial cells more prominent than the advective transport. However, the role of
nanostructure orientation in determining its bactericidal efficiency under flow conditions is still not clear.
In this study, we analysed the effect of surface orientation of nanostructured surfaces, along with
bacterial cell concentration, fluid flow rate, and the duration of time which the surface is exposed to
flow, on bacterial adhesion and viability on these surfaces. Two surface orientations, with one on the top
and the other on the bottom of a flow channel, were studied. Under flow conditions, the bactericidal
efficacy of the nanostructured surface is both orientation and bacterial species dependent. The effects of
cell concentration, fluid flow rate, and exposure time on cell adhesion are independent of the
nanostructured surface orientation. Fluid shear showed a species-dependent effect on bacterial
adhesion, while the effects of concentration and exposure time on bacterial cell adhesion are

independent of the bacterial species. Moreover, bacterial cells demonstrate preferential adhesion onto
Received 1st August 2023 f based th . ientati dth fect ies d dent. Th It tli
Accepted 7th October 2023 surfaces based on the surface orientation, and these effects are species dependent. These results outline
the capabilities and limitations of nanostructures under flow conditions. This provides valuable insights
DOI: 10.1039/d3na00581) into the applications of nanostructures in medical or industrial sectors, which are associated with
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Introduction

Bacteria are omnipresent and can colonise on surfaces, such as
human tissues and metallic, organic, or polymeric surfaces.
Adhered bacteria can form biofilms at solid-to-liquid, solid-to-
air, and liquid-to-air interfaces.” When biofilms are formed,
bacteria become highly resistant to anti-septic agents, antibi-
otics, and immune killing."* Biofilms affect different fields,
including, but not limited to, healthcare and engineering.
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Infections,* blocked filtration mechanisms,® blocked aviation
fuel systems,® reduced heat exchanger efficiency,” and increased
fuel consumption of marine vessels due to higher drag resis-
tance caused by biofouling® are some of the examples of adverse
effects of bacterial colonisation.

Nanostructures found on several natural surfaces, such as
cicada wings,”** dragonfly wings,*> and gecko skin,**'* were
revealed to be bactericidal. Such nanostructures were able to kill
bacteria by bursting the cell membrane via a non-chemical-
based mechanism.'*' On average, the bactericidal insect
wing surfaces have nanofeatures with 200-300 nm height, 40-
100 nm diameter at the tip, and 100-200 nm spacing between
the pillars.>'»"” The discovery of these bactericidal nano-
structured bio-surfaces lead to the development of alternative
methods to alleviate bacterial colonisation-associated issues,
such as infections and biofouling.

Interestingly, the bactericidal efficacy (BE) of nanostructured
surfaces has been reported to be more pronounced on motile
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bacteria that are capable of active motion by self-propulsion.*”**
Recent reports on increased bactericidal effects of nano-
structured surfaces under flow conditions opened a broad
spectrum of potential applications of these surfaces, such as on
catheters, ship hulls, and pipelines.” Moreover, these nano-
structures can be fabricated on 3-dimensional surfaces without
compromising the bactericidal effect.”® These findings further
broaden the scope of applications of antibacterial nano-
structured surfaces. However, some aspects have not yet been
fully explained. Bacterial deposition on a surface under flow
conditions is influenced by gravity,** as well as flow has caused
increase in dead cell count and detachment of cells.**** More-
over, there are contradicting reports on the effect of gravity on
bacterial adhesion,”®?® and importantly, there were no studies
on the effect of surface orientation under flow conditions on the
bactericidal properties of nanostructured surfaces. Bacterial
motion in a flowing media is dictated by the flow velocity of
such media.””?*® As the flow velocity increases, the advective
transport of bacterial cells becomes predominant over the
diffusive transport, as the effect of gravitational force is reduced
by the higher drag forces acting on the cells.*** Understanding
the impact of surface orientation would assist the translation of
antibacterial nanostructured surfaces into industrial
applications.

The objective of this study is to determine the effect of
nanostructure orientation on bactericidal efficiency. The effects
of bacterial cell concentration in the flowing fluid, the fluid flow
rate, and the length of time the surface was in contact with the
flow on cell adhesion, viability, and bactericidal efficacy on
surfaces mounted at the top and bottom of the fluid channel
was analysed. In addition, factors triggering differential adhe-
sion and bactericidal efficacy between top and bottom surfaces
were also examined.

Methodology
Materials

The nutrient broth for cell culturing was prepared by dissolving
26 g of nutrient broth powder (Oxoid, USA) in 1 1 distilled water
to make 1 1 solution, followed by autoclave sterilisation at 121 ©
C for 20 minutes. Phosphate buffered saline (PBS) was prepared
by dissolving one tablet of 1 X PBS (Oxoid, USA) in 500 ml of
distilled water followed by autoclave sterilisation at 121 °C for
20 minutes.

The two bacterial species used for the experiments were,
Gram-positive S. aureus (ATCC 25923) and Gram-negative P.
aeruginosa (ATCC 27853). A bacterial suspension was prepared
by inoculating a colony of bacteria in 5 ml of nutrient broth and
incubating in a shaking incubator at 37 °C and 200 RPM for 16
hours. Then, the bacterial suspension was centrifuged at 5250
RCF for 5 minutes and the separated pellet was resuspended in
PBS. A required volume of suspension was made by adding
centrifuged pellets to the measured volume of PBS, until the
target turbidity level was achieved. The turbidity of the
suspension was measured using a BioPhotometer (Eppendorf,
Germany) with ODg, scale.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Nanostructure fabrication

Nanostructures on Titanium (Ti-6Al-4V grade-5) substrates
sized 7 x 10 mm were fabricated via a hydrothermal process.
Two sets of substrates were used for the experiment. All the
substrates were polished into a surface roughness of 0.04 umRa
by electro polishing. One half of the substrates were left
untreated and used as the control experiment, while the rest
were subjected to a hydrothermal process. These surface-
modified substrates were reacted in 1.0 M sodium hydroxide
(NaOH) at 180 °C for 2 hours to form nanowire structures®*>*.
This set of fabrication parameters result in nanowire structures
on the titanium substrate with an average wire diameter of
50 nm and a height of 300 nm,** and the modified surface was
hydrophilic.* The scanning electron microscopic (SEM) images
of the fabricated nanowires are shown in Fig. 1A and B. This
nanowire structure on a Ti—6Al-4V alloy has been extensively
studied by previous researchers for antibacterial properties***®
and eukaryotic cell proliferation.*® The images acquired using
a field emission scanning electron microscope (FEG-SEM)
(TESCAN Mira 3) confirmed the nanostructure formation on
the substrates. Polished substrates without hydrothermal
treatment were the second type of substrates used for the
experiment, referred to as untreated substrates. All substrates
were soaked in 80% ethanol for 15 minutes, washed with
a stream of sterile PBS, and exposed to UV light for 20 minutes,
before incubating the bacterial cells on them.

Experiment design and procedure

The aim of the experiment was to investigate the effects of
bacterial cell concentrations, flow rate, and flow duration on the
bactericidal properties of the nanostructured surface under flow
conditions, and the effect of surface orientation on bacterial
adhesion and viability on nanostructured surfaces under flow
conditions. Bacterial cells in a suspension were pumped
through a custom designed microfluidic device that hold two
nanostructured surfaces at the top and bottom of the flow
channel. The cells were quantified using an epifluorescence
microscope following staining with a epifluorescence dye Kkit.
First, using factorial analysis, the main effects of cell concen-
tration in the flowing suspension, flow rate of the cell-
suspended media, and duration of the flow on cell adhesion
and bactericidal effect of the surface were analysed. In the
second part of the analysis, using ANOVA, cell counts and
bactericidal efficacy were compared between top and bottom
locations under each combination of factors. A partial factorial
experiment designed using the MiniTab software (version 18),
with two levels for each factor was used. The standard order of
trials is shown in Table 1, and the low and high levels of each
factor are given in Table 2.

Microfluidic device and flow experiment

The components of the microfluidic system are illustrated in
Fig. 1C. Two sterilised substrates were exposed to the flow on
ceiling and floor of the channel, as shown in Fig. 1D, to inves-
tigate if the adhesion of bacterial cells is preferential. The fluid
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(A) SEM image of nanowires fabricated via a hydrothermal process on titanium substrates at 25 000 x magnification (scale bar: 1 um). (B)

SEM image of nanowires at 100 000x magnification (scale bar: 1 um). The inset shows 4 x magnification of the bounded area of image showing
dimensions of nanowires. Typical diameter is 50 pm and height is 300 pm. (C) Schematic illustration of the experimental setup used for fluid shear
experiment. (1) Turbidity-adjusted bacterial suspension reservoir, (2) microfluidic device containing surface-modified substrate inside, (3)
isoprene tubes connecting reservoirs, MFD, and peristaltic pump, (4) peristaltic pump, and (5) waste collection reservoir. (D) Half cross-sectional
view of the two substrates and fluid channel inside the microfluidic device.

dynamics of MFD was computed as described in ref. 19. The
MFD, its connectors, and tubing were autoclaved before con-
ducting each trial. The number of live cells and the number of
dead cells were the two response variables of the experiment.
The bacterial cells were suspended in PBS and the cell
concentration was adjusted to the targeted turbidity measured
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in ODg, scale within tolerance of +0.01. Full details of cell
preparation are presented in another section. The prepared
bacterial suspension was pumped using a peristaltic pump. In
each trial, two nanostructured substrates and two flat (control)
substrates were exposed to the bacterial suspension flow with
one on the ceiling (top) and the other on the floor (bottom) of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Trials for partial factorial experiment in standard order. Each
of three factors had two levels, and each trial was repeated three times

Exposure
Standard order Concentration Flowrate time
1 Low Low Low
2 Low Low High
3 Low High Low
4 High Low Low
5 High Low High
6 High High Low
7 High High High

the flow channel. Two identical MFDs were used for nano-
structured and flat (control) substrates and a bacterial suspen-
sion from the same reservoir was pumped through both devices.
The two devices were coupled to the same peristaltic pump with
two channels of tubing from the same reservoir containing the
bacterial suspension. The schematic illustration of this experi-
mental setup with only one microfluidic device is shown in
Fig. 1C. The MFD has two metal plates, a 0.2 mm metallic sheet
with a flow channel machined on it, two rubber O-rings, and
stainless-steel screws to assemble the device. All the metallic
parts are made of medical grade AISI315L stainless steel. Before
each trial, the MFD was autoclaved at 121 °C for 20 minutes
without the substrates and allowed to cool down to room
temperature. The MFD was kept in a sealed bag during auto-
claving and only opened inside a biosafety cabinet. All
substrates were washed with 70% v/v ethanol and exposed to UV
light for 20 minutes before use for bacterial incubation. These
sterilised substrates were inserted into the MFD inside
a running biosafety cabinet. Each of the two substrates is
exposed to the fluid flow in an area of 3 x 10 mm on the side
facing the flow. The channel is 3 mm wide and 0.2 mm high
with a total length of 30 mm. The inlet and outlet channels are
10 mm in length. A peristaltic pump (Ismatec ISM915A with CA-
8 cassette, Germany) was used to flow the bacterial suspension
at a controlled flow rate through the microfluidic device. The
pump was calibrated by manual measurements, by pumping
sterilised water using a 90.89 isoprene tube (Ismatec, Germany)
at flow rates of 1 to 10 ml min " for 10 minutes and at a flow rate
of 0.1 ml min~' for 60 minutes, and then the volume of
dispensed water was measured using a measuring cylinder.

Fluorescence imaging and cell count quantification

After the flow, substrates were immediately retrieved from the
MFD and dyed using a Live/Dead BacLight kit (Invitrogen
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detection technologies, L7012), a 1:1 mixture of SYTO9 and
propidium iodide (PI) was used to stain bacterial cells in
a dark room. Then, 5 pl aliquot of each dye component was
mixed in 1 ml of phosphate buffered saline (PBS) to make the
dye mixture. The preparation and storage of the dye stock and
mixtures was done in the darkness. The dye stock and mixture
were stored in a —4 °C freezer. Then, 3 ul of dye mixture was
pipetted onto a glass-bottomed microslide (Ibidi, Germany),
and the substrate was placed on the top of the dye droplet
with the cell-adhered side facing down. After staining, incu-
bation was allowed for 15 minutes before imaging the
surfaces. Following the incubation, samples placed face down
on the glass-bottomed microslide were immediately imaged
using an inverted fluorescence microscope (Nikon Eclipse
TiS, Japan) with a FITC filter for live cells and a Cy3 filter for
dead cells. SYTO9 got excited at 480 nm wavelength and
emitted at 500 nm wavelength, while PI got excited at 490 nm
and emitted at 635 nm. Objective lens with 40 x magnification
and 0.6 numerical aperture was used for imaging surfaces
with 100 ms exposure time. An area of 206.40 x 165.12 um? in
the substrate was captured in each image with a resolution of
1280 x 1024 pixels. Therefore, 1 um? is equivalent to 38.5
pixels. Each point was imaged using both filters. The
minimum number of measurements was determined for 90%
confidence interval with 0.25 margin of error. Two controls
with 100% dead cells and 100% live cells were used to confirm
the dye functionality. Then, 5 pl of bacterial suspension was
pipetted into two microwells, and one of them was added with
the same volume of 70% v/v ethanol. This was used as the
100% dead cell control and the other was used as the 100%
live cell control. SYTO9 function was confirmed by receiving
signals through a FITC filter from 100% live control, and the
PI function was confirmed by receiving signals through a CY3
filter with 100% dead control.

Fluorescence images were enhanced for contrast, and
binarized using Image] (version 1.53f51). The number of illu-
minated pixels of the binarized image was counted using
a BioFilmAnalyzer,*” and the number of pixels was taken as the
unit of cell surface coverage. An area of 34 080.1 um” on the
substrate was captured by each image, and therefore, this was
taken as a unit area and is equivalent to 1 310 720 pixels in the
image. All cell counts were presented as the number of pixels in
an area of 1310720 pixels. The threshold level for binarizing
images was established by a trial-and-error method, by
comparing the final processed image with the original for
discrepancies in cell map. This process was done for each batch
of images taken together.

Table 2 Levels of bacterial cell concentration, flowrate, and exposure time used for the factorial experiment

Factor

Low level High level

S. aureus
P. aeruginosa

Concentration (OD 600)

Flowrate (ml min™")
Flowtime (h)

© 2023 The Author(s). Published by the Royal Society of Chemistry

0.0660 + 0.0079
0.0559 + 0.0027 0.1670 + 0.0040
0.12 12.00

1.0 3.0

0.1942 + 0.0148
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Data analysis

Factorial analysis was performed using the MiniTab software
(version 18). A confidence interval of 95% was used for all
statistical analyses. ANOVA was used to find the significance of
differences between cell counts. The following group compari-
sons were made with ANOVA using the GraphPad Prism soft-
ware (version 9):

(1) Live versus dead cell count on the same surface.

(2) Live, dead, and total cell count on nanostructured
surfaces versus the control surface.

(3) Live, dead, and total cell count on the top surface (ceiling)
versus the bottom surface (floor) of the same kind.

Main effects of cell concentration, flow rate, and flow time
(exposure time) were examined by the factorial analysis using
factorial plots. This analysis shows the effect of each indepen-
dent variable on dependent variables averaged across all levels
of the other two independent variables. The effect on top and
bottom surfaces were analysed separately, and the main effect
of each factor on live cell count, dead cell count, and total cell
adhesion were analysed. One-way and two-way interactions of
the factors for each condition were also studied using the
factorial analysis. Pareto charts were used to identify the order
of magnitude of main effects. The effects of bacterial cell
concentration in the suspension, flow rate of the suspension,
and duration of the flow (3-independent variables) on total
adhesion and bactericidal effect (2-response variables) were
examined. Based on this analysis, the three independent vari-
ables were ranked considering their overall influence on
response variables. ANOVA was used to assess the significance
of differences in group mean values between the groups using
the GraphPad Prism software. A confidence interval of 95%
(p = 0.05) was used to test the statistical significance. Statistical
significance with ANOVA is shown by ns: P > 0.05, *: P < 0.05,
#% P < 0.01, *** P < 0.001, and ****: P < 0.0001.

Results

Variations in cell adhesion and viability on nanostructured
surfaces when placed at the top and bottom of the flow
channel

Fluorescence images of substrates stained with SYTO9 and PI
were qualitatively analysed for adhesion and viability on
surfaces. Fig. 2 and 3 show the fluorescence microscopic
images of P. aeruginosa and S. aureus species on nano-
structured and flat surfaces located at top and bottom under
each trial in the factorial experiment. The most prominent
observation was the higher surface coverage of dead cells
shown in red colour on the nanostructured surface than that of
the flat surface, indicating more cell death on nanostructured
surfaces. This observation was consistent throughout the
different conditions investigated. Comparatively, P. aeruginosa
adhesion on both types of surfaces was noted to be drastically
higher than that of S. aureus on the corresponding surface.
Under specific conditions, an abnormal increase in cell adhe-
sion was observed. Only exposure time at high levels (O1F1T2),
only concentration at high levels (O2F1T1), and both

6462 | Nanoscale Adv, 2023, 5, 6458-6472

Paper

concentration and time at high levels (O2F1T2) resulted in
unusual coverage of P. aeruginosa on the nanostructured
surface, and only one condition (O2F1T2) gave the same
results on the flat surface as well (Fig. 2). When all factors were
at low levels (O1F1T1), adhesion on the bottom nanostructured
surface was higher than that on one top, but the top flat surface
had higher adhesion than the bottom flat surface. Notably,
higher adhesion on the nanostructured surface than on the flat
surface was observed with either species of bacteria. However,
P. aeruginosa showed a higher preference for forming large
clusters of cells, whereas S. aureus was forming smaller clus-
ters. Three conditions, namely, (O2F1T1), (O2F1T2), and
(O2F2T2) resulted in notably higher adhesion of S. aureus cells
on the bottom nanostructured surface.

Effects of bacterial cell concentration, flow rate, or exposure
time on bacterial adhesion onto nanostructured surfaces are
independent of surface orientation

The main effect of each of the three factors (cell concentration,
flow rate, and exposure time) on bacterial attachment had no
variation with the placement of the nanostructured surface in
the fluid channel (data shown in ESI Fig. S17). The increase in
cell concentration in the flowing fluid and exposure time
resulted in an increase in cell attachment onto the nano-
structured surface without showing any difference in trends
with respect to the orientation of the surface. This observation
was valid for both species. However, the effect of the flow rate
on cell attachment was species dependent. P. aeruginosa
attachment on either top-mounted or bottom-mounted
surfaces decreased with the increase in flow rate. Neverthe-
less, the flow rate had no effect on S. aureus cell attachment
onto the top-mounted surface, while the attachment onto the
bottom-mounted surface was increased with the increase in
flow rate.

Some of the factors had varying effects on the top- and
bottom-mounted flat surface (control) (data shown in Fig. S17).
Notably, those effects were species dependent as well. Primarily,
the effects of the three factors on P. aeruginosa adhesion were
independent of the surface placement. The increasing cell
concentration resulted in an increase in adhesion, while the
increase in the flow rate resulted in a decrease in cell adhesion.
Nevertheless, this observation was made on both top- and
bottom-mounted surfaces. While exposure time increment
caused a slight reduction in the adhesion, that on the bottom-
mounted surface was not statistically significant. However, S.
aureus adhesion on the flat surface saw differential effects by
the three factors between top- and bottom-mounted surfaces for
all factors.

Unlike the total cell count, the dead cell count on the
nanostructured surface experienced a complicated pattern of
effects from the 3 independent variables, as shown in Fig. 4.
Moreover, these effects were species-dependent and
orientation-dependent. The effect of cell concentration was
positive on P. aeruginosa, while it was negative on S. aureus.
However, this was not orientation dependent. Despite the
variation with bacterial species, the effect of cell concentration

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Nanostructured surface

Flat surface

Condition
On bottom

O1F1T1

O1F1T2

O1F2T1

O2F1T1

O2F1T2

O2F2T1

O2F2T2

On bottom

On top

Fig.2 Fluorescence images of P. aeruginosa cells on nanostructured and control (flat) surface by staining with SYTO9 and propidium iodide. O =
cell concentration, F = flow rate, T = exposure time, 1 = lower level of the factor, 2 = higher level of the factor. Dead cells are shown in red

colour, and live cells are shown in green colour [scale bar: 100 pm].

was the same on both top and bottom surfaces for both
species. The flow rate and exposure time had species- and
orientation-dependent effects on dead cell count. While the
flow rate caused a positive effect on dead P. aeruginosa cell
count on the top surface, opposing effects were observed on
the bottom surface. Meanwhile, the S. aureus dead cell count
saw drastically different patterns to this. While the dead cell
count on top surface had no effect from flow, there was
a positive effect of it on the bottom surface. The flow duration
(Exp. T) also showed no specific pattern. While P. aeruginosa

© 2023 The Author(s). Published by the Royal Society of Chemistry

dead cell count on the top-mounted nanosurface had a nega-
tive effect from flow duration, the same on S. aureus saw
a positive effect. Notably, the flow duration had no effect on
dead cell count on the bottom-mounted surface for either
bacterial species.

Species- and orientation-dependent effect of fluid flow on
bactericidal efficacy

Factorial analysis was carried out to examine the effects of cell
concentration, flow rate, and exposure time on the bactericidal

Nanoscale Adv., 2023, 5, 6458-6472 | 6463
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Nanostructured surface

Flat surface

Condition
On bottom

O1F1T1

O1F1T2

O1F2T1

O2F1T1

O2F1T2

O2F2T1

O2F2T2

On bottom

On top

Fig. 3 Fluorescence images of S. aureus cells on nanostructured and control (flat) surface by staining with SYTO9 and propidium iodide. O = cell
concentration, F = flowrate, T = exposure time, 1 = lower level of the factor, 2 = higher level of the factor. Dead cells are shown in red colour and

live cells are shown in green colour [scale bar: 100 pm].

efficacy of the nanostructured surfaces placed at the top and
bottom, as presented in Fig. 4. The effects of concentration, flow
rate and exposure time on bactericidal efficacy was species-
dependent in addition to the location dependency. The effect
of cell concentration on the bactericidal property was different
on the two species, but there was no difference between the top
and bottom surfaces. While the efficacy against P. aeruginosa
was increased with the increase in cell concentration, that
against S. aureus was decreased. However, the observations for
each species had no difference between the two locations. Apart

6464 | Nanoscale Adv, 2023, 5, 6458-6472

from that, there were no other similarity observed between
locations or species. The flow rate had opposing effects on
bactericidal efficacy against P. aeruginosa on the top and bottom
surfaces. The same had drastically different effects on S. aureus.
While the bottom surface showed an increase in bactericidal
effects with the increase in flow, the top surface had no effect.
The exposure time had no effect on the bottom surface bacte-
ricidal efficacy with either species of bacteria. Although the top
surface had significant effects from exposure time, the effect
was species dependent.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Factorial analysis plots on the main effect of cell concentration, flow rate, and exposure time on the bactericidal efficacy of top and
bottom-mounted nanostructured surfaces on P. aeruginosa (A) and S. aureus (B). Each graph shows the effect of each independent variable (cell
concentration in the suspension, flow rate of the suspension, and the flow duration) on the mean of dead cells on the surface averaged over all
the levels of other two independent variables. Conc.: cell concentration; flowrate: flow rate of the suspension; exp. T: duration when the surface
was exposed to the flow; low: lower level of each independent variable; high: higher level of each independent variable.

Species-specific preference in adhesion onto top- and bottom-
mounted nanostructured surfaces

Two locations tested in this work were (a) nanostructured
surfaces placed on the top surface of the flow channel and (b)
nanostructured surfaces placed at the bottom of the flow
channel. Cell adhesion and viability of those adherent cells (by
percentage of dead cells) were compared using ANOVA to
investigate for the differences between the two surface orien-
tations for both nanostructured and flat (control) surfaces. The
difference in cell adhesion between top and bottom was
observed on the nanostructured surface only under specific
combinations of factors, with P. aeruginosa and S. aureus species
(Fig. 5), despite no recognisable trend. However, compared to
the nanostructured surface, the flat surface saw only few
instances of differential adhesion between the top and bottom
surfaces. Five of the seven conditions tested showed difference
in the adhesion of P. aeruginosa on the top- and bottom-
mounted nanostructured surface.

Except at high concentrations and exposure time periods
(O2F1T2), P. aeruginosa preferred adhering to the bottom-
mounted nanostructured surface. Only under two condi-
tions, where all factors were at low level (O1F1T1) and at high
concentration and exposure time (O2F1T2), P. aeruginosa
showed differential adhesion between top- and bottom-
mounted control (flat) surfaces with preferential adhesion
onto the top mounted surface. In comparison under five

© 2023 The Author(s). Published by the Royal Society of Chemistry

conditions, the adhesion of P. aeruginosa on the bottom
nanostructured surface was significantly different from that of
the bottom control surface. However, when all three factors at
low level (O1F1T1), and when only exposure time at low level
(O2F2T1), an insignificant difference (P > 0.05) in adhesion
between nanostructured and flat surfaces was observed. Three
instances saw an insignificant difference in adhesion between
the top-nanostructured and top-flat surface (data not shown).
Notably, when all the three factors were at their highest level
(O2F2T2), adhesion was similar between the two top surfaces
and between the two bottom surfaces. Interestingly, when
either, or both, the flow rate or the flow duration is at high
levels (F1T2, F2T1, and F2T2), P. aeruginosa cell adhesion on
the nanostructured surface showed a significant difference
between top and bottom surfaces. The comparison of S. aureus
adhesion onto top- and bottom-mounted surfaces is shown in
Fig. 5. Only three out of the seven instances showed significant
difference in S. aureus adhesion onto top- and bottom-
mounted nanostructured surfaces. When only the concentra-
tion was at high levels (O2F1T1), when only the flow rate was at
low levels (O2F1T2), and when all the three factors were at high
levels (O2F2T2), differential adhesion of S. aureus on top and
bottom nanostructured surfaces was observed. In comparison,
the same on flat surface had two instances of differential
adhesion. When only the flow rate was at low levels (O2F1T2)
and when all the three factors were at high levels (O2F2T2), S.
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and **** = P < 0.0001.

aureus had differential adhesion between the top and bottom
flat surfaces. S. aureus preferred the bottom-mounted nano-
structured surface over the top-mounted of the same type for
adhesion. The same trend was demonstrated for the flat
surface as well. This was in contrast to P. aeruginosa adhesion,
which showed preference to the top-mounted nanostructured
surface.

These observations suggest that cell adhesion onto nano-
structured surfaces depends on cell concentration, flow rate,
and flow duration. S. aureus cell adhesion on top and bottom
nanostructured surfaces was different only on three of the seven
conditions studied. Two of those three conditions had caused
significant difference in cell count between top and bottom flat
surfaces as well. Compared to this, P. aeruginosa species had five
of seven conditions with significantly different cell adhesion on
top and bottom nanostructured surfaces. Out of those five
conditions, only one had the same observation on the flat
(control) surface pair.
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Insignificant difference in live cell count between top and
bottom nanostructured surfaces

Fig. 6 shows the live and dead cell counts of P. aeruginosa and S.
aureus species on top and bottom nanostructured surfaces.
While the dead cell count of P. aeruginosa showed differences
between the top and bottom nanostructured surfaces, the live
cell count did not show any difference between the two locations.
Similarly, variation of dead S. aureus cells between the two
locations was significant under some of the conditions, while the
live cell count was different under only one condition. Under one
condition when only the flow rate was at low levels (O2F1T2),
there was a significant variation in the live S. aureus cell count
between the locations, whereas S. aureus dead cell counts were
significantly different under three conditions. However, the P.
aeruginosa dead cell count was not different only under two
conditions. When all three factors were at low levels (O1F1T1),
and only concentration was at high levels (O2F1T1), no differ-
ence was observed in dead cell counts between the top and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bottom surfaces. Compared to this, the live cell count showed no
variations between the two locations under any condition.

The dead and live cell counts of P. aeruginosa and S. aureus
species on the top- and bottom-mounted flat surfaces are
compared as shown in Fig. S3. The dead cell count had no
difference between the top and bottom flat (control) surfaces, but
had significant differences between top and bottom nano-
structured surfaces under five different conditions for both
species. In contrast, the live cell count on the flat surface showed
a statistically significant difference between top and bottom
locations under some of the tested conditions. P. aeruginosa had
only two conditions with differential live cell counts between top
and bottom, while S. aureus had three conditions. When only the
flow rate was at low levels (O2F1T2), both species showed
differential live cell counts between the top and bottom surfaces
but not under other conditions. It is evident that primarily only
the dead cell count varies with the surface orientation for nano-
structured surfaces, and only the live cell count varies with the
surface orientation for flat surfaces. Notably, when only the flow
rate was at low levels (O2F1T2), the S. aureus live cell count on the
nanostructured surface, as well as the flat surface, showed
difference between top and bottom. Under such condition, the S.

© 2023 The Author(s). Published by the Royal Society of Chemistry

aureus live cell count on the top-mounted surface was signifi-
cantly higher than that on the bottom-mounted surface.

Bactericidal efficacy varies between the top and bottom
surfaces under specific conditions

Fig. 7 shows the bactericidal efficacy of (A) nanostructured and
(B) flat surfaces compared between top and bottom locations for
P. aeruginosa and S. aureus species. Compared to the bacteri-
cidal efficacy demonstrated by the nanostructured surface, the
efficacy of the flat surface was drastically low on both bacterial
species. Under all the tested conditions, the bactericidal efficacy
of the nanostructured surface was significantly higher than that
of the flat surface under the same condition (P =< 0.0001). The
comparison of dead cell percentage of P. aeruginosa and S.
aureus between the nanostructured and control surfaces is
presented in Fig. S2.t

Except under two conditions, the bactericidal efficacy of the
nanostructured surface against P. aeruginosa showed no statis-
tically significant difference in between top and bottom orien-
tations. When all factors were at low levels (O1F1T1) and the
concentration and flow rate at high levels (O2F2T1), differential
bactericidal efficacies between the two locations were observed.
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Fig. 7 Comparison of the bactericidal efficacy of (A) nanostructured surface and (B) flat surface between top and bottom against P. aeruginosa
and S. aureus species under different conditions. O = cell concentration, F = flow rate, T = exposure time, 1 = lower level of the factor, 2 = higher
level of the factor, TP = top (ceiling) surface, BT = bottom (floor) surface, ns =P > 0.05, *=P =< 0.05, ** =P = 0.0, ***=P = 0.001, and **** =P

= 0.0001.

Three conditions resulted in dissimilar bactericidal efficacies
between top and bottom locations against S. aureus on nano-
structured surfaces, and none of the condition was the same as
that of P. aeruginosa. When only exposure time was at high
levels (O1F1T2), only flow rate at low levels (O2F1T2), and all
three factors at high levels (O2F2T2), dissimilar bactericidal
efficacies on top and bottom nanostructured surfaces were
observed. The bactericidal efficacy of the nanostructured
surface was between 83% and 99% on P. aeruginosa, and 72% to
94% on S. aureus. The flat surface demonstrated a relatively low
bactericidal efficacy where it was 0.6% to 17% against P. aeru-
ginosa, and 3.1% to 38% against S. aureus. Notably, a dissimilar
efficacy between top and bottom flat surfaces was observed
under several conditions. Under the condition when only the
exposure time was at low levels (O2F2T1), the efficacy against P.
aeruginosa was higher on the bottom surface. However, under
three conditions, the bottom flat surface demonstrated a higher
efficacy than the top surface against S. aureus.
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Discussion

The nanowires lyse bacterial cells by piercing the bacterial cell
membrane. The attraction forces between the cell and the
surface causes the cells to move towards the surface, and thus,
the cells get pierced by nanowires upon contact. There are
several theories presented by scientists to explain the mecha-
nism of cell membrane failure under mechanical stress caused
by sharp nanofeatures. The hydrodynamic forces by the flowing
liquid acting on cells cause passive motion of cells. As a conse-
quence, more cells collide with sharp nanowires, resulting in an
increased cell lysis. The random orientation of nanowires
(Fig. 1A and B) plays a vital role in increasing the bactericidal
effect of the surface. Since the nanowires are omni directed,
some of the sharp tips are directed against the direction of the
fluid flow. This increases the collision of bacterial cells onto
sharp tips, leading to increased lysis of the cells. Further, this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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will cause deeper piercings of cells, which will avoid covering
the sharp tip of nanowire that may hinder subsequent cell lysis.

Due to the difference in shape, the fluid dynamic forces
acting on the cells differ largely. While the spherical shape of S.
aureus experiences relatively stable motion under the flow, rod-
shaped P. aeruginosa will experience unstable motion. Due to
the shape of the cell, the forces acting on it are dependent on
the orientation of cell relative to the flow direction. Therefore, P.
aeruginosa cells will experience rotations, where the other
species may not experience this.

Apart from the differences between bacterial species, the cell
concentration in the fluid, flow rate, and flow time will make the
adhesion on surfaces differ from one type to another. While
lower cell concentrations in the suspension allow cells to move
freely, under higher cell concentrations, the cells will experience
higher attractive or repulsive forces from neighbouring cells in
the suspension. Similarly, the flow rate has an influence on
bacterial attachment and death on nanostructured surfaces.
The hydrodynamic forces such as drag and lift that act on the
cells will cause the cells to gain high inertia. When those cells
with high inertia collide with surfaces, they will get pierced by
the nanostructures, causing the cells to get lysed and pinned
onto the surface. However, this may affect the two bacterial
species differently as the cell membrane strength is different
between the species. Gram-positive bacteria have a layer of
peptidoglycan in their cell wall making it thicker and stronger
than that of their Gram-negative counterparts.*®** Moreover, the
higher flow rates can cause deeper piercing of bacterial cells.
This will prevent the dead bacterial cell covering the sharp tip of
the nanostructure from hindering subsequent lysis of cells.
Therefore, a higher flow rate can further increase the cell death
on nanostructures. In addition, a higher flow rate will force the
cells to have advective transport and will hinder the diffusion of
cells in the flow.?* However, lower flow rates will allow the cells
to diffuse in lateral directions to the flow, enabling more cells to
reach the surface and thereby adhere to the surface. In addition,
higher flow rates will cause some of the adhered cells to get
detached from the surface, causing variation in the adhered cell
count. Moreover, it has been reported that, under flow condi-
tions, it is more likely for the live bacterial cells to get detached
from the nanostructured surface than dead cells on the same
surface. The flow duration, which is the third factor investigated
in this study, will also have an influence on cell attachment.
Longer durations will enable cells to get attracted to already
adhered cells on the surface, causing an increase in cell adhe-
sion. Moreover, longer duration will allow cells to proliferate,
resulting in an increase in the cell count on the surface.
However, the same phenomenon can cause higher detachment
of cells from the surfaces as well. Species such as S. aureus form
3-dimensional biofilms.*® This increase in size will result in an
increase in fluid shear on the biofilm, which can lead to its
removal from the surface. However, this removal will depend on
the adhesion strength of the two species, which is notably
different from each other.

Higher cell concentrations caused an increase in cell adhe-
sion, which is quite intuitive. More cells in the flowing fluid
indicate more population of cells near the solid surfaces, which

© 2023 The Author(s). Published by the Royal Society of Chemistry
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causes more cells to get attracted to the surfaces. This
phenomenon was observed across the two types of surfaces and
the two bacterial species. However, the effect of flow rate on
adhesion onto nanostructured surfaces was species dependent,
but it was location independent at the same time. The flow rate
increment caused an increase in P. aeruginosa cell adhesion on
both locations. However, S. aureus cell adhesion on top moun-
ted surface was not impacted by the flow rate, but increased
adhesion on the bottom-mounted surface. Compared to S.
aureus cells, P. aeruginosa cells are larger in size. S. aureus cells
are spherical in shape and have an average of 1 pm diameter,*
while P. aeruginosa cells are rod shaped with 1 pm diameter and
5 pm length.*” Therefore, S. aureus has an average volume of
0.52 pum®, and that of P. aeruginosa is 3.93 pum?, which is
approximately 7.5 times larger than that of the S. aureus cell.
Similarly, while S. aureus has a projected area of 0.79 pum?, the
maximum projected area of a P. aeruginosa cell is 5 pm?®.
Therefore, due to the size and shape of the cells, P. aeruginosa
cells have higher fluid dynamic drag exerted on them. This
explains the decrease in P. aeruginosa attachment with the
increase in fluid flow rate. Longer duration of exposure caused
higher adhesion of cells onto the nanostructured surface, which
was independent of location or species. This is due to more cells
passing the nanostructured surface, and hence, the number of
cells getting adhered onto nanostructures increased over time.
Dead bacterial cells had been demonstrated to get pinned onto
nanostructures under flow conditions, while live cells getting
detached and taken away by the flow.?* The effects of the three
factors were mostly independent of the location. The only
exception was with the flow rate on S. aureus species. However,
differential impacts on live and dead cells were observed.
Particularly, while exposure time increased the number of dead
P. aeruginosa cells, it had no impact on the number of live P.
aeruginosa cells. Similarly, while the flow rate increased the
number of dead S. aureus cells on the bottom surface, it had
increased the number of live cells on the same surface. This
agrees with the previous reports on the differential effect of
fluid flow based on the viability of bacterial cells.***

Although variation in the cell count of either dead or live
cells had similar effects from the three factors, the ratio
between dead and live cells had varying influence by some of the
factors based on the location of the surface. The effect of cell
concentration was dependent on the bacterial species, but it
was consistent between the two locations. Higher cell concen-
trations caused the nanostructures to show less bactericidal
efficacy against S. aureus but opposing effect on P. aeruginosa.
Lower bactericidal effects against S. aureus than P. aeruginosa
were reported under static conditions as well as fluid flow
conditions.**>**** The effect of flow rate or exposure time had
no similarity between the two locations or species. The increase
in flow rate resulted in a decrease in both live and dead cells but
increased the percentage of dead cells on the top surface. It was
shown that live cells get removed from the nanostructured
surface more easily than the dead cells under flow conditions.*
Therefore, it can be expected that higher removal of live cells
causes increased dead cell percentage. However, the dead cell
percentage on the bottom surface was increased by flow rate. A
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lesser number of dead P. aeruginosa cells were observed on the
bottom surface in most of the instances (Fig. 6). The higher
removal of live cells from the top surface under flow may result
in more cells being settled on the bottom surface. However, the
bactericidal efficacy of the top surface against S. aureus had no
effect from the flow rate, while that of the bottom surface was
increased. Unlike P. aeruginosa, S. aureus is a non-motile
species. This prevents them from swimming away from the
surface as P. aeruginosa cells do. Therefore, more cells can be
expected to accumulate on the bottom surface and get lysed.
Higher cell concentrations flowing at slow pace over a long time
period may have given motile P. aeruginosa an opportunity to
move to the top surface.

The O2F1T2 condition resulted in an increase in P. aerugi-
nosa cell count on the flat surface. The group O2F1T2 has
a higher concentration of bacteria sent at a lower flow rate for
a longer time, which allowed settling of a higher number of P.
aeruginosa cells on the flat surface. Moreover, the lower flow rate
results in less fluid drag forces on cells. This will allow the cells
to have more diffusive transport under the flow. Due to the
lower hydrodynamic forces acting on the cells, the removal of
adhered cells from the surface will also be reduced. The
increase in cell count on the flat sample can be due to the
combined effect of the above.

The bottom-mounted flat surface under the O1F1T1 condi-
tion saw an increase in P. aeruginosa live cells on it. This had
lower cell concentrations with slower flow for a shorter dura-
tion. The slow flow allows the cells to diffuse more in directions
lateral to the flow and adhere to the surfaces. Moreover, the
lower concentration would allow cells to proliferate more, as
ample nutrients are available in the media. Further, the slow
flow rate would cause less removal of adhered cells from the
surface.

Dissimilar adhesion between the top and bottom locations
was observed only under specific conditions. Both species
demonstrated preferential adherence to the top-mounted
surface over the bottom-mounted surface. P. aeruginosa is
a motile species of bacteria that have shown to be responsive to
external environmental factors such as flow.* Several forces are
acting on a bacterial cell flowing in a fluid. The weight of the
cell, buoyancy force, drag force, and hydrodynamic forces are
acting on a cell in passive motion in a fluid. The Peclet number
calculated for the two types of bacterial cells shows that
advection is prominent for both fluid velocities considered.
Higher advection suggested lesser settling of cells on the
bottom surface. Only when both the flow rate and flow duration
were at low levels (irrespective of the concentration), P. aerugi-
nosa had no difference in adhesion between the top- and
bottom-mounted nanostructured surfaces. When either, or
both, flow rate or duration was high, it showed significantly
different adhesion between the top- and bottom-mounted
nanostructured surfaces. When the flow rate is high, P. aerugi-
nosa cells may be experiencing higher lift force acting on the
cells due to the high flow velocity causing more cells to reach
the top surface. Moreover, it is not uncommon for motile
species of bacteria to swim against gravity.***” Therefore, when
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the duration is high, then the cells will have more time to swim
against the gravity.

Conclusion

The effects of cell concentration, fluid flow rate, and exposure
time on cell adhesion are not dependent on the orientation of
the nanostructured surface in the fluid channel. While the
concentration and exposure time affected the adhesion inde-
pendent of the bacterial species, fluid shear has a species-
dependent effect on bacterial adhesion. Notably, the effect of
fluid flow on the bactericidal efficacy of the nanostructured
surface is both orientation and bacterial species dependent.
The preference of adhesion onto top- or bottom-mounted
nanostructured surfaces is species specific. This choice of
adhesion is influenced by the cell concentration, fluid flow rate,
and exposure time. Under certain conditions, preferential
adhesion on the flat surface also occurs.

The difference in cell adhesion is due to the differences in
dead cell counts on the nanostructured surface. The nano-
structured surface had only subtle difference in bactericidal
efficacy against P. aeruginosa on top- and bottom-mounted
surfaces. In contrast, the same against S.
pronounced. The bactericidal efficacy of the top-mounted
surface was higher when the cell concentration is high. Pro-
longed exposure resulted in higher bactericidal efficacy against
S. aureus on the top-mounted surface.
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