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ABSTRACT: Bacterial colonization on solid surfaces creates
enormous problems across various industries causing billions of
dollars’ worth of economic damages and costing human lives.
Biomimicking nanostructured surfaces have demonstrated a
promising future in mitigating bacterial colonization and related
issues. The importance of this non-chemical method has been
elevated due to bacterial evolvement into antibiotic and antiseptic-
resistant strains. However, bacterial attachment and viability on
nanostructured surfaces under fluid flow conditions has not been
investigated thoroughly. In this study, attachment and viability of
Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus
(S. aureus) on a model nanostructured surface were studied under
fluid flow conditions. A wide range of flow rates resulting in a
broad spectrum of fluid wall shear stress on a nanostructured surface representing various application conditions were experimentally
investigated. The bacterial suspension was pumped through a custom-designed microfluidic device (MFD) that contains a sterile Ti-
6Al-4V substrate. The surface of the titanium substrate was modified using a hydrothermal synthesis process to fabricate the
nanowire structure on the surface. The results of the current study show that the fluid flow significantly reduces bacterial adhesion
onto nanostructured surfaces and significantly reduces the viability of adherent cells. Interestingly, the bactericidal efficacy of the
nanostructured surface was increased under the flow by ∼1.5-fold against P. aeruginosa and ∼3-fold against S. aureus under static
conditions. The bactericidal efficacy had no dependency on the fluid wall shear stress level. However, trends in the dead-cell count
with the fluid wall shear were slightly different between the two species. These findings will be highly useful in developing and
optimizing nanostructures in the laboratory as well as translating them into successful industrial applications. These findings may be
used to develop antibacterial surfaces on biomedical equipment such as catheters and vascular stents or industrial applications such
as ship hulls and pipelines where bacterial colonization is a great challenge.

■ INTRODUCTION
Bacterial cells are ubiquitous, and they adhere and colonize
solid surfaces. Bacterial adhesion occurs on diverse types of
surfaces such as human tissues and metallic or polymeric
surfaces. Once attached to a surface, bacteria secrete an
extracellular polymeric substance (EPS) and then form
biofilms.1 The secreted EPS provides a structural support to
the biofilm, which is highly resistant to antiseptics, antibiotics,
and immune killing.2,3 Biofilms can grow in various interfaces
such as solid−liquid, solid−air, or liquid−air.2 These biofilms
are problematic in various sectors ranging from healthcare to
engineering. In engineering sectors, biofilms can cause
blockage in filtration mechanisms4 and aviation fuel systems,5

reduction in heat exchanger efficiency,6 increased drag
resistance of marine vessels,7 and increased heat load of
buildings.8 Biofouling causes reduction in heat transfer
efficiency and results in microbial induced corrosion (MIL),
which accounts for approximately 7.5% of the maintenance
cost of processing plants.9 MIL affects many other industries as

well. Twenty to thirty percent of corrosion-related costs of the
oil and gas industry is due to MIL.10 Biofouling on marine
vessel hulls results in losses in the fuel economy as well as
increased costs of hull cleaning. It has been estimated that
biofouling causes a 35−50% increase in fuel consumption.11

Another sector that suffers greatly due to bacterial colonization
is the food and agriculture industry. Annually, around 420,000
deaths are reported in the world due to contaminated food.12

Food-borne infections in Australia alone costs about AUD 147
million per year.13 In healthcare sectors, the formation of
biofilms can lead to nosocomial infections and implant failure
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that often results in requiring revision surgery and the
associated need for prolonged hospitalization or even mortal-
ity.14−16 Adding into this is bacteria developing antibiotic drug
resistance, which may render current antibiotics used in
treating bacterial infections to be ineffective.14 This is a major
challenge faced by the health sector and one of the great
impediments for world economic prosperity. The Centers for
Disease Control and Prevention (CDC) in the United States
of America had estimated that around 61,000 deaths per
annum in the U.S. are due to antimicrobial resistant bacterial
infections.17 Antimicrobial resistance of S. aureus, Escherichia
coli, Klebsiella pneumoniae, Acinetobacter baumanii, and P.
aeruginosa species has cost an economic loss of US $0.5 billion
in Thailand and $2.9 billion in the U.S.18 Issues made by
antimicrobial resistance induce higher economic burdens on
nations around the world.19 The World Bank has predicted
that if immediate solutions for antimicrobial resistance were
not found, a loss of 3.8% of the global annual gross domestic
product may occur by 2050.20 The impact of bacterial
colonization goes beyond the health sector. Losses in the
food industry due to bacterial colonization and related issues
amount to millions of dollars per year.21,22 The marine
industry also suffers losses amounting to billions of dollars due
to bacterial colonization and biofilm formation.23 Microbial
induced corrosion also causes industries multibillion dollar
annual losses.24 All these give great challenges to the traditional
methods used for alleviating bacterial adhesion and related
issues. Therefore, alternatives for preventing bacterial colo-
nizations and infections are in high demand.

Since the discovery of bactericidal properties of nano-
structured surfaces on some plants, animal skin, and insect
wings, researchers have developed various biomimicking
nanostructures on metallic and polymeric surfaces.25−28

These nanostructured surfaces have proven to be bactericidal
and demonstrated compatibility with mammalian cells.29

However, these nanostructured surfaces are mostly tested for
bactericidal properties under static conditions,30−32 making us
explore the wide possibility of these bactericidal nano-
structured surfaces in various applications that involve fluid
flow, such as medical catheters, vascular stents, ship hulls,
liquid pipes, etc. This lack of knowledge hinders the
development of nanostructured surfaces in industrial applica-
tions.

In this study, the attachment and viability of P. aeruginosa
and S. aureus species on a nanostructured surface under fluid
wall shear stress were experimentally investigated. Five fluid
wall shear stress levels of up to 10.00 Pa (100 dyn/cm2), which
covers service conditions of many potential applications, were
tested using a custom-designed microfluidic device (MFD).

■ MATERIALS AND METHODOLOGY
Experimental Procedure. Cell adhesion and viability

under a flow were investigated with flow rates varying from 0
to 12 mL/min, which correspond to wall shear stress ranging
from 0 to 10 Pa. Four flow rates of 0.12, 4.00, 8.00, and 12.00
mL/min were studied along with a no-flow trial. This no-flow
trial was taken as a control along with a flat substrate for each
flow condition. Since the cell adhesion and viability on the top
and bottom surfaces were not significantly different on varying
flow rates, cell adhesions to the side walls of the channel were
considered. The substrates and the device were sterilized
before each trial. In each trial, one nanostructured surface and
one flat (control) surface were placed in either side of the

channel and the bacterial suspension was flown through. This
was done by placing the MFD standing on one side of the
device. The cell concentration and exposure time were fixed.
The fluid wall shear at the centroid of the surface was
calculated using the method detailed in a later section. Trials
were conducted with both P. aeruginosa and S. aureus species,
and each trial was repeated three times. After the flow,
substrates were retrieved, stained, imaged, and cell count-
enumerated as detailed in the next section. Table 1 presents

the parameters used in the fluid shear experiment. ANOVA
was used to compare the differences between the following
mean cell counts:

(i) Live and dead cell counts on the same surface.
(ii) Live, dead, and total cell counts on the nanostructured

surface and flat (control) surface.
(iii) Live, dead, and total cell counts between different flow

rates.
Calculation of the Fluid Wall Shear Stress. The MFD is

designed following the principles of a parallel-plate flow
chamber. Hence, the wall shear stress on a parallel-plate flow
chamber was calculated as follows with a simplified fluid
volume as shown in Figure 1.

For a steady-state incompressible laminar flow with no slip
boundary,

from the Navier−Stokes equation

=
i
k
jjjjj

y
{
zzzzz

P
x

v
y

x
2

2

By integration

= +
i
k
jjjjj

y
{
zzzzz

P
x

y
v
y

cx
1

Applying boundary conditions

Table 1. Controlled and Independent Variables Used in the
Experiment

surfaces bacterial species fluid wall shear stress levels (Pa)

(1) nanostructured (1) P. aeruginosa (A) 0
(2) flat (2) S. aureus (B) 0.10

(C) 3.34
(D) 6.68
(E) 10.00

Figure 1. Simplified fluid domain in the microfluidic device based on
the parallel-plate flow cell (PPFC) principle.
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Figure 2. (A) 3D model of the assembled microfluidic device (MFD) with the front plate made transparent. (B) Cross-sectional plan view
(horizontal plane through mid-height of the MFD). (C) Isolated fluid volume with the two substrates (nanostructured on one side and the flat
substrate on the other side). (D) Photograph of the actual MFD with outer dimensions. (E) Schematic illustration of the experimental setup.
Components: [1] Nanostructured surface, [2] flat (control) surface, [3] front plate of the MFD, [4] back plate of the MFD, [5] bacterial
suspension reservoir, [6] MFD connected using isoprene tubing, [7] peristaltic pump, [8] waste reservoir, and [9] rubber O-rings.
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where τ is the wall shear stress, μ is the kinematic viscosity, Q
is the fluid flow rate, W is the width of fluid volume, and H is
the height of the fluid volume. The properties of water at a 25
°C temperature were assumed for the fluid.
Microfluidic System. The microfluidic cell system

components of the MFD and experimental setup are shown
in Figure 2. A peristaltic pump (Isamtec ISM915A with CA-8
cassette, Germany) was used to dispense fluid with a
controlled flow rate. The pump was calibrated with manual
measurements by pumping water with an Ø0.89 isoprene tube
(Ismatec, Germany) with flow rates of 1−10 mL/min for 10
min and 0.1 mL/min for 60 min, and the dispensed volume of
water was measured using a measuring cylinder. 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. Each substrate gets contacted with the
flowing suspension in an area of 30 mm2 (3 mm × 10 mm). All
the metallic parts are made of medical grade AISI315L
stainless steel. Before each trial using the MFD, it was
assembled without substrates and autoclaved at 121 °C for 20
min and allowed to cool down to room temperature. The
MFD was kept in a sealed bag during autoclave and only
opened inside a biosafety cabinet. All substrates were washed
with 70% v/v ethanol and exposed to UV light for 20 min
before using for bacterial incubation. These sterilized
substrates were inserted into the MFD inside a running
biosafety cabinet.
Substrate Fabrication. Titanium (Ti-6Al-4V Grade 5)

was chosen as the material for substrates based on the findings
of literature review. Nanowire structures fabricated on
substrates of this material had shown good bactericidal effects
when tested under static conditions, and therefore, this
material and nanowire structure were chosen as the model
nanostructured surface for this study. A titanium sheet of 1 mm
thickness was cut into pieces of 7 × 10 mm with one corner
chamfered to a 45° angle to help properly orient the substrate.
One side of the substrate was polished to a 0.04 μm Ra surface
roughness. One half of the substrates were polished on the
front side, while the other half was polished on the opposite
side. The substrates polished on the front side were fit on the

top side of the MFD and hence named “top surface”, and those
of the other side were named “bottom surface”. One half of the
top-surface substrates and one half of the bottom-surface
substrates were reserved to be the control, while the rest were
treated with the hydrothermal process to fabricate nanowire
structures on them.
Nanostructure Fabrication. Polished samples were

immersed in acetone and sonicated for 10 min. The sonicated
samples were rinsed three times in ethanol and deionized
water. After washing, the samples were dried with N2(g). The
samples were laid in an angle on a custom-made polytetra-
fluoroethylene (PTFE) holder with the polished face upside
and put in a 125 mL Parr acid digestion vessel. The vessel is
filled with 60 mL of 1 M NaOH(aq). The sealed vessel was
placed in an oven at a 180 °C temperature. The start time was
recorded as the time when the oven had reached the
temperature where it was stable without fluctuation. After
the 2 h reaction time, the vessel was removed from the oven
and let to cool within a fume hood. After reaching room
temperature, the samples were removed from the vessel, rinsed
three times in 18.2 MΩ H2O, and dried with N2(g). Samples
were then placed in a furnace and annealed for 1 h at 300 ° C
with a 10 °C/min heating rate and then removed from the
furnace when the temperature reached below 80 °C. After
reaching room temperature, the samples were submerged in 20
mL of 0.6 M HCl solution for 30 min for ion exchange. Next,
the samples were rinsed three times in 18.2 MΩ H2O and
dried with N2(g). The last step of the fabrication process is
calcination of the samples in a furnace for 2 h at 600 ° C with a
10 °C/min heating rate. The samples were left to cool within
the furnace and were removed when the temperature reached
below 80 °C. Samples from each production batch were taken
for SEM imaging, and a proper nanostructure was assured.
Preparation of Culture and Buffer Media. Twenty-six

grams of nutrient broth powder (Oxoid, USA) was dissolved in
1 L of distilled water to make 1 L of nutrient broth for cell
culturing followed by sterilization by autoclaving at 121 °C for
20 min. Phosphate-buffered saline (PBS) was prepared by
dissolving one tablet of 1× PBS (Oxoid, USA) in 500 mL of
distilled water and sterilized by autoclav 121 °C for 20 min.
Bacterial Suspension Preparation. Gram-positive S.

aureus (ATCC 25923) and Gram-negative P. aeruginosa
(ATCC 27853) were used for testing the adhesion and
viability of bacterial cells on the nanostructured surface.
Bacterial suspension preparation was done by first incubating a
colony of bacteria in 5 mL of nutrient broth in a shaking
incubator at 37 ° C and 200 rpm for 16 h. Then, the bacterial
suspension was centrifuged at 5250 RCF for 5 min, and the
separated pellet was resuspended in PBS. The 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 an OD600 scale.
Preparation of Fluorescence Dye and Staining Cells.

A Live/Dead BacLight kit (Invitrogen detection technologies,
L7012) mixed 1:1 with SYTO 9 and propidium iodide (PI)
was used to stain bacterial cells. Five microliters of each
component of the dye was mixed in 1 mL of phosphate-
buffered saline (PBS). Preparation and storage of the dye stock
and mixtures was done in a dark room. The dye stock and
mixture were stored in a −4 °C freezer. Three microliters of
the dye mixture was pipetted into a glass-bottomed microwell
plate (Ibidi, Germany), and the substrate was placed on top of
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the dye droplet with the cell-adhered side facing down. A 15
min incubation period after staining was allowed before
imaging the surfaces. Two controls with 100% dead cells and
100% live cells as described previously were used to verify dye
functionality. SYTO 9 gets excited with a 480 nm wavelength

and emits a 500 nm wavelength, while PI gets excited with 490
nm and emits 635 nm wavelengths.
Fluorescence Imaging. Stained substrates placed face

down in the glass-bottomed microwell plate were imaged using
an inverted fluorescence microscope (Nikon Eclipse TiS,

Figure 3. Scanning electron microscope (SEM) images of (A) P. aeruginosa cells on the flat Ti-6Al-4V titanium alloy surface under no-flow
conditions, (B) P. aeruginosa cells on the nanostructured Ti-6Al-4 V titanium alloy surface under no-flow conditions, (C) P. aeruginosa cells on the
nanostructured titanium surface after flowing the bacterial suspension under 10.00 Pa fluid wall shear stress, (D) S. aureus cells on the smooth
titanium surface under no-flow conditions, (E) S. aureus cells on the nanostructured titanium surface under no-flow conditions, and (F) S. aureus
cells on the nanostructured titanium surface after flowing the bacterial suspension under 10.00 Pa fluid wall shear stress [scale bar: 1 μm].
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Japan) using an FITC filter for live cells and Cy3 filter for dead
cells. FITC wavelength ranges of 440−510 nm for excitation
and 487−573 nm for emission were used. Cy3 has 513−556
nm excitation and 570−614 nm emission wavelength ranges.
An objective lens with 40× magnification and 0.6 numerical
aperture was used for imaging surfaces with 100 ms exposure
time. An area of 206.40 × 165.12 μm in the substrate was
captured in each image with a resolution of 1280 × 1024.
Therefore, 1 μm2 is equivalent to 38.5 pixels. Each substrate
was imaged in at least 15 separate locations on the exposed
surface with the imaged points scattered over the surface to
minimize bleaching of the dye by prolonged exposure. Each
point was imaged using both filters. The minimum number of
measurements was determined for a 90% confidence interval
with a 0.25 margin of error.
Cell Surface Coverage Enumeration Using Fluores-

cence Images. Fluorescence images were enhanced for
contrast and binarized using ImageJ (version 1.53f51). The
number of illuminated pixels of the binarized image was
counted using a BioFilm Analyzer,33 and the number of pixels
was taken as the unit of cell surface coverage. An area of
34,080.1 μm2 on the substrate was captured in each image, and
therefore this was taken as the 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 1,310,720 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 the cell map. This process was
done for each batch of images taken together.
SEM Imaging. Additional samples from each trial were

prepared for SEM imaging. Immediately following the trial,
cells on the substrate were fixed using 2.5% glutaraldehyde in
PBS. Subsequent washing or rinsing was avoided to prevent
any addition of uncertainty due to washing or rinsing steps.
Samples were dehydrated using ethanol in increasing
concentrations. Finally, the dried samples were coated with a
5 nm layer of gold. Images were taken using a TESCAN Mira 3
scanning electron microscope.
Statistical Analysis. ANOVA was used to assess the

significance of differences in group mean values between the
groups using GraphPad Prism software. A confidence interval
of 95% was used with p ≤ 0.05 was taken as statistically
significant. 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
Effect of Fluid Wall Shear on the Adherent Cell

Morphology. SEM images of P. aeruginosa and S. aureus cells
attached onto nanostructured and flat surfaces under static and
flow conditions are shown in Figure 3. The morphology of
cells on flat surfaces (Figure 3A,D) was similar to that of
healthy cells of respective bacterial species.34,35P. aeruginosa
cells on the nanostructured surface under static conditions are
shown in Figure 3B, which appear to be lysed. Most of the P.

Figure 4. Fluorescence images of P. aeruginosa and S. aureus cells on nanostructured and control surfaces by staining with SYTO9 and propidium
iodide under different fluid wall shear stress levels. Dead cells are shown in red color and live cells are shown in green color. The fluid wall shear
stress is computed for the centroid of substrate [scale bar: 100 μm].
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aeruginosa cells appeared in this morphology on the nano-
structured surface. However, most of S. aureus cells on the
nanostructured surface under static conditions had a
morphology similar to that of cells shown in Figure 3E. One
of the cells has a flattened morphology, which suggests a dead
bacterium, while the rest of the cells appear viable. Under a 10
Pa fluid wall shear, more P. aeruginosa cells were observed to
be lysed as seen in Figure 3C. Interestingly, those bacterial cells
can be clearly seen to be pierced deeply by nanowires as
opposed to those under static conditions, which showed
shallow piercings. Some of the cells with a flattened
morphology observed with impressions on them suggest that
they were pierced by nanowires from below. Moreover, clear
deep cell piercings were rare under static conditions. However,
under a fluid wall shear, cells pierced deeply by nanowires were
observed at large. In addition, the number of cells with deep
piercings was increased with increasing fluid wall shear.
Notably, compared to P. aeruginosa, deep cell piercings with
S. aureus cells on the nanostructured surface were rare even
under fluid wall shear.
Effect of the Fluid Wall Shear Stress on the Cell

Adhesion and Viability on Nanostructured Surfaces.
Figure 4 shows fluorescence images of P. aeruginosa and S.

aureus cells incubated on nanostructured and control (flat)
surfaces under different fluid wall shear stress levels. A
noteworthy decrease in the cell surface coverage on the
control surface with increasing wall shear stress was observed
with both species of bacteria. A similar trend with S. aureus was
observed on the nanostructured surface, but the P. aeruginosa
cell surface coverage at 10 Pa fluid shear (12 mL/min flowrate)
level was greater than its surface coverage under other wall
shear levels as well as S. aureus under all wall shear stress levels.
Moreover, compared to the control surface, the dead cell
surface coverage (shown in red color) is extraordinarily high
on the nanostructured surface for both species.
Fluid Flow Causes a Decrease in Bacterial Adhesion

onto the Nanostructured Surface. Adhesion of P.
aeruginosa on the nanostructured surface was reduced by the
flow as shown in Figure 5A. However, the cell count was
significantly increased (P ≤ 0.001) when the fluid wall shear
stress was increased from 3.34 to 6.68 Pa. Nevertheless, there
were no statistically significant changes to the cell count
between other fluid shear levels. Peculiarly, S. aureus on the
nanostructured surface also demonstrated a similar trend with
increasing fluid wall shear stress levels (Figure 5C). The S.
aureus cell count on the nanostructured surface was also

Figure 5. Total cell adhesions of (A) P. aeruginosa on the nanostructured surface, (B) P. aeruginosa on the flat surface, (C) S. aureus on the
nanostructured surface, and (D) S. aureus on the flat surface under varying flow rates. Number of live and dead cells on treated and untreated
surfaces under different flow conditions were quantified to compute the total cell adhesion on the surface. The cells were stained with a mixture of
SYTO9 and PI then imaged using a fluorescence microscope with FITC and CY3 filters. Cells were quantified by counting pixels of each image
above the threshold level. Data are the mean of 45 images of three independent experiments ± the standard error of means. * shows statistical
significance with Student’s t test. ns: P > 0.05, *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, and ****: P ≤ 0.0001.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05828
ACS Omega 2022, 7, 41711−41722

41717

https://pubs.acs.org/doi/10.1021/acsomega.2c05828?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05828?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05828?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05828?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reduced under flow conditions, and there was a significant
increase (P ≤ 0.05) from 3.34 to 6.68 Pa without any
significant changes between other fluid wall shear stress levels.
The control surface (flat) also saw a reduction in the adherent
cell count of both species with the flow without dependency on

the wall shear stress level as shown in Figure 5B,D. Compared
to S. aureus, P. aeruginosa had significantly higher cell adhesion
on the nanostructured surface as well as the flat surface.
More Bacterial Cells Get Lysed under the Flow. Dead

and live cell counts of P. aeruginosa and S. aureus on the two

Figure 6. Dead counts of (A) P. aeruginosa on the nanostructured surface, (B) P. aeruginosa on the flat surface, (C) S. aureus on the nanostructured
surface, and (D) S. aureus on the flat surface under varying flow rates. The number of dead cells on treated and untreated surfaces under different
flow conditions was quantified. Live counts of (E) P. aeruginosa on the nanostructured surface, (F) P. aeruginosa on the flat surface, (G) S. aureus on
the nanostructured surface, and (H) S. aureus on the flat surface under varying flow rates. The cells were stained with a mixture of SYTO9 and PI
then imaged using a fluorescence microscope with FITC and CY3 filters. Cells were quantified by counting pixels of each image above the
threshold level. Data are means of 45 images of three independent experiments ± standard error of means. * shows statistical significance with
Student’s t test. ns: P > 0.05, *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, and ****: P ≤ 0.0001.
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types of surfaces against the fluid wall shear stress level exerted
on surface are shown in Figure 6. The dead cell count on the
nanostructured surface had notably similar trends between the
two species (Figure 6A,C). Both species saw a significant
decrease in the dead cell count on the nanostructured surface
from 0 (no flow) to 0.12 and 3.34 Pa wall shear stress levels
and had a significant increase from 3.34 to 6.68 Pa wall shear
stress levels. Notably, for both species, the dead cell count
under 6.68 and 10 Pa wall shear was similar to that under no-
flow conditions. However, the dead cell count of P. aeruginosa
was significantly increased from 6.68 to 10 Pa wall shear stress
(Figure 6A), while the S. aureus dead cell count remained the
same (Figure 6C). The P. aeruginosa dead cells on the
nanostructured surface were approximately 10 times more than
the dead S. aureus cells on the same surface, but on the flat
surface, both species had a similar order of the dead cell count.
The P. aeruginosa dead cell count on the flat surface under flow
was significantly increased (P > 0.05) from static conditions
and without dependency on the applied fluid shear level
(Figure 6B). The dead cell count of S. aureus on the flat surface
had no effect from the fluid flow as shown in Figure 6D. All
dead cell counts were significantly higher on the nano-
structured surface compared to the flat surface under same
conditions for both species. Live cell counts of P. aeruginosa on
nanostructured and flat surfaces are shown in Figure 6E,F,
respectively, and those of S. aureus are shown in Figure 6G,H,
respectively. Regardless of the attached surface, both P.
aeruginosa and S. aureus live cell counts had a similar trend
against the fluid wall shear level. The live cell count on either
type of surfaces was significantly reduced (P > 0.001) from
static to flow conditions with no dependency on the fluid wall
shear stress level. Notably, the live cell count of either species
on the flat surface was significantly higher than on the
nanostructured surface under the same wall shear stress level.
These results clearly demonstrate that the fluid wall shear
causes more cells get lysed on the nanostructured surface.

Reduction in cell adhesion and an increase in cell lysing by the
flow are highly desirable antibacterial applications.
Bactericidal Efficacy of Nanostructured Surfaces

Increases under Fluid Wall Shear. Figure 7 shows the
bactericidal efficacy of the nanostructured surface against P.
aeruginosa and S. aureus species under varying fluid wall shear
stress levels. The bactericidal efficacy against P. aeruginosa
under static conditions was 68%, and against S. aureus, it was
30%. Under the lowest wall shear stress level of 0.10 Pa, the
bactericidal efficacy was increased to 92 and 95% for the two
species. Beyond 0.1 Pa, none of the species had any significant
difference in the bactericidal efficacy against them. Under no-
flow conditions, the bactericidal efficacy against the two species
was significantly different, but under none of the flow
conditions was the difference statistically significant.

■ DISCUSSION
The bactericidal efficacy of the nanostructured surface was
increased under fluid shear independent of the bacterial
species. The two species had differences in the Gram-stain
type, cell form, and motility. Regardless of the differences, the
fluid wall shear impacted similarly on the bactericidal efficacy
against them. Despite subtle differences in trends, both species
saw an increase in dead cells and decrease in live cells on the
nanostructured surface under fluid shear. This indicates that
the overlaying fluid flow enhances the capabilities of
nanostructured surfaces. The two bacterial species were
different in terms of Gram-stain types, cell motility, and the
cell form. While P. aeruginosa is a Gram-negative, motile, and
rod-shaped bacterium, S. aureus is a Gram-positive, non-motile,
and cocci bacterium. The flow affected the adhesion and
viability of cells regardless of the species. Therefore, this
suggests that the effect of the flow does not depend on the
Gram-stain type, cell motility, or shape alone.

The differences in the shape and size impact the fluid
dynamic forces acting on the cells. The larger rod-shape P.

Figure 7. Bactericidal efficacy of the nanostructured surface against P. aeruginosa and S. aureus species at varying fluid wall shear stress levels. The
number of live and dead cells on treated and untreated surfaces under different flow conditions was quantified to compute the bactericidal efficacy
of the surface. The cells were stained with a mixture of SYTO9 and PI then imaged using a fluorescence microscope with FITC and CY3 filters.
Cells were quantified by counting pixels of each image above the threshold level. Data are means of 45 images of three independent experiments ±
standard error of means.
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aeruginosa was subjected to higher drag forces by the flow,
while the more aerodynamic-shaped, small S. aureus experi-
enced a less fluid drag. Therefore, the effect of the flow is
negligible on the S. aureus. SEM images showed a higher
occurrence of P. aeruginosa cells with pass-through pene-
trations by nanowires. Such observations with S. aureus were
exceedingly rare. This can be attributed to the cell wall
thickness and strength difference between the two species.
Unlike Gram-negative P. aeruginosa, Gram-positive S. aureus
species has a thick peptidoglycan, which is less susceptible to
nanowire penetration. Deep cell penetrations occurred less
frequently under static conditions. However, the duration of
trials conducted were limited to 1 h, and there is a possibility
of a chronological effect on cell penetrations by nanowires.
Prolonged exertion of stresses on the cell membrane by
nanowires may cause creep failure in the cell membrane, and
hence the nanowires could pass through the cells at higher
time periods. Moreover, lysed-cell decomposition may reduce
the strength of the cell membrane and eventually cause the
nanowires to further penetrate the cell membrane, causing a
deep or pass-through piercing. Either way, this would help the
nanowire structure longevity in practical applications.

The nanowire structure demonstrated 68% efficacy against
P. aeruginosa and 30% against S. aureus under static conditions.
Various titanium nanostructures have demonstrated 25−87%
efficacy against P. aeruginosa species under static condi-
tions.27,36−40 Similarly, 4−60% efficacy against S. aureus is
also reported.36,38,41,42 Hence, cell adhesions of P. aeruginosa
and S. aureus under static conditions are comparable with
those of the literature. Significant increases in bactericidal
efficacy from static to flow conditions were observed with both
bacterial species. The bactericidal efficacy on P. aeruginosa was
increased from 68% to 92%, and on S. aureus, from 30% to
95%. However, the variation of bactericidal efficacy against the
fluid shear was not significant on both species. This shows that
the bactericidal efficacy of the nanostructured surface was
independent of the flow. Analysis of the cell viability discussed
in the previous section revealed that the dead cell count was
increased while the live cell count was decreased when the
surface was subjected to the flow. The bactericidal efficacy
increase was graced by both a reduction in live cells as well as
increased dead cells. This proves the serviceability of the
nanostructured surface under any flow condition.

The flow caused a reduction in cell adhesion of both species
at lower fluid shear levels. Adhesion of cells at the 0.10 Pa level
was lower than static conditions for both species, and adhesion
was similar between 0.10 and 3.34 Pa shear levels. However,
adhesion was increased from 3.34 to 6.68 Pa shear levels with
similar adhesion on the two highest shear levels. The initial
drop in cell counts may be caused by the fluid drag on cells.
However, under flow conditions, bacterial cells actively form
clusters due to its mechanosensitivity as well as passively due
to the fluid dynamic forces.43,44 This may have caused the
increase in cell adhesion onto the surface, and a further
increase in fluid shear can result in detachment of cells.45

SEM images of nanostructured surfaces after a flow at 12
mL/min over 3 h did not reveal any structural damages to the
nanowires on the surface. This observation partly resolved the
skepticism of the durability of the nanostructured surface
under flow conditions. Though this observation is not
conclusive on long-term endurance of nanostructures
fabricated on surfaces, it hints that these nanostructures
withstand fluid shear.

■ CONCLUSIONS
The bactericidal efficacy of nanostructured surfaces increased
under fluid flow conditions. Adhesion of cells decreased under
the flow, and the proportion of lysed cells out of adherent cells
increased under the flow. This finding opens a wide range of
opportunities for bactericidal nanostructures. There are many
industrial, agricultural, and medical applications of bactericidal
nanostructured surfaces that are associated with a fluid flow.
Ship hulls, water or petroleum fuel pipes, liquid storage tanks,
and food and beverage packing are some examples for
industrial and agricultural applications. Bone implants, vascular
stents, and catheters are some of the medical sector
applications for bactericidal nanostructured surfaces. The
findings of this work enable the translation of such nano-
structured surfaces into ideal solutions to mitigate bacteria-
related losses to humankind. Successful application of this
technology in those sectors will benefit in uplifting the quality
of life by reducing threats to health and economy.
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