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ABSTRACT: This contribution describes a method to reduce
bacteria fouling on ultrafiltration membranes by applying nano-
scale line-and-groove patterns on the surface of membranes.
Nanoimprint lithography was used to pattern the polysulfone
membrane surfaces with a peak height of 66.2 nm and a period of
594.0 nm. Surface characterization using scanning electron
microscopy and atomic force microscopy confirmed that
patterning was successful over the entire stamped area of the
membrane. Water permeance tests determined that the permeance
decreased by 36% upon patterning. Static batch experiments that
explored the attachment of Escherichia coli K12 cells to the
membranes demonstrated that the patterned membranes had a
60% lower attachment of microbes than the nonpatterned
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membranes. Dynamic bacteria fouling experiments using E. coli cells showed that the patterned membranes had a higher flux
recovery ratio (88%) compared to the nonpatterned membranes (70%). On the basis of these studies, we suggest that patterning
membranes can reduce the initial attachments of microbial cells and that different pattern sizes and shapes should be investigated to
gain a fundamental understanding of their influence on bacteria fouling.
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1. INTRODUCTION

Membranes are an integral technology for water and
wastewater treatment. Specifically, pressure-driven membranes
are used for a variety of applications, including turbidity
removal (microfiltration, MF), bacteria and virus removal
(ultrafiltration, UF), water softening (nanofiltration, NF), and
seawater desalination (reverse osmosis, RO)." Also, UF
membranes are commonly used to pretreat water before RO
systems to prevent bacteria fouling of the RO membranes.”’
However, this leads to the UF membranes being susceptible to
the foulants in the water.” One key foulant in many water types
is bacteria. When bacteria foul a membrane, they often form a
biofilm, resulting in an extreme reduction in membrane
performance (i.e, lower rejection and water productivity).*
Therefore, it is not surprising that bacteria fouling has been a
well-studied topic in the literature.®

There have been numerous chemical modifications strat-
egies used to prevent bacteria fouling.” One method is to
modify the membranes with a hydrophilic coating that resists
bacteria attachment, which are known as antifouling coat-
ings.”® Another method is to modify the membranes with
polymers or agents that can kill the bacteria, which are known
as antimicrobial or biocidal coatings.” Other strategies have
used a combination of these two techniques to both resist
bacteria fouling and kill the bacteria that do attach to prevent
biofilm formation on the membrane.'” For example, one study
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investigated the effect of TiO, nanopillars on Pseudomonas
aeruginosa (P. aeruginosa) fouling for RO membrane
applications. However, the TiO, also changed the surface
chemistry of the membranes, so it is challenging to decouple
the effect of the nanopillars’ structure versus their chemistry."'

More recently, membrane patterning, ranging from the
nanometer to millimeter scale, has been a technique studied to
reduce numerous types of foulants,'"” including colloidal and
particulates," "> scaling and concentration polarization,'®"”
biopolymer and protein,"""**° oil,*" sludge,”* as well as algae
and yeast.”® To the best of our knowledge, only three studies
have investigated how bacteria fouling is affected by patterns
on the surface of membranes.”* >° Additionally, these studies
are limited to investigating micron-sized patterns on poly-
(vinylidene fluoride) (PVDF) MF and polyamide RO
membranes using only P. aeruginosa as the bacteria
foulant.”*™>° None of these studies investigated the effect of
surface patterning, specifically nanopatterns, on bacteria
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fouling in UF, nor the effect of surface patterning when
Escherichia coli K12 (E. coli) was used as the bacteria foulant.

The objective of this study was to test the hypothesis that
line-and-groove nanopatterns on polysulfone (Psf) UF
membranes would decrease E. coli fouling. E. coli was selected
as the model bacteria foulant because it is commonly found in
wastewater, and the detection of certain strains indicate fecal
contamination.”” In this work, we patterned a commercial Psf
membrane with a nanoscale line-and-groove silicon stamp
using thermal embossing. The patterned membranes were
characterized and tested for pure water permeance, flux
reduction, and flux recovery ratios, which is an indication of
the membrane’s resistance to fouling. Here, we demonstrate
that line-and-groove nanopatterns hold potential to improve
the fouling resistance and cleanability of patterned membranes
compared to control UF membranes without surface patterns.

2. MATERIALS AND METHODS

2.1. Materials. Isopropyl alcohol (IPA, 70% v/v) was
purchased from ThermoFisher Scientific (Waltham, MA).
Deionized (DI) water was obtained from a Barnstead
Nanopure Infinity water purification system (resistance of
182 MQ cm, ThermoFisher Scientific). Phosphate-buffered
saline (PBS, 1 X sterile biograde), Luria—Bertani broth (LB),
M9 minimal salts (M9 media), sodium chloride (NaCl), p-
(+)-glucose, and carbenicillin (BioReagent grade) were
purchased from Sigma-Aldrich (St. Louis, MO). ACS reagent
grade acetone was purchased from Fisher Scientific (Hampton,
NH). Psf PS20 membranes were kindly provided by Solecta,
Inc. (Oceanside, CA). All membrane samples came from the
center portion of the roll to avoid any edge defects that might
be present.

2.2. Membrane Patterning. Membranes were patterned
with silicon line-and-groove stamps (29 mm X 12 mm)
purchased from LightSmyth Technologies, Inc. (Eugene, OR).
The stamps have a 606 nm period between the peaks, a 190
nm groove depth, and a 303 nm line width.'””?**® The
membrane patterning procedure is consistent with our
previous work."” Two stamps were placed side-by-side in
contact with one another on top of the active layer of the Psf
membrane. The membrane and stamps were placed on top of
an 8 cm X 7.5 cm piece of 0.2 mm-thick aluminum shim
(Grainger, Lake Forest, IL). A “cushion”, which helped prevent
the silicon stamps from breaking, of a 28.5 cm X 31 cm
Kimwipe was folded to 1/16th its original size and placed on
top of the membrane and stamps. Another similar size piece of
the same aluminum shim was placed on top of the cushion and
placed in an Auto C-PL, HC 3889 press from Carver, Inc.
(Wabash, IN) to pattern the membrane. The press plates were
heated to 45 °C and closed at a 25% pump speed until the
pressure (force/stamp area) was 83.7 bar. The membrane was
subject to this pressure for 15 min. The press did not hold a
consistent pressure for the duration of the patterning process.
The pressure slowly decreased to 69.7 bar before returning to
the set pressure numerous times during the patterning time
frame. The pressure would sometimes raise to 90.6 bar before
returning to the set pressure.

2.3. Membrane Characterization. 2.3.1. Atomic Force
Microscopy. Atomic force microscopy (AFM) was utilized to
observe the membrane surface before and after patterning after
compaction from pure water permeance tests. The topography
of the surface was characterized using a tapping mode AFM
(Bruker NanoIR3, Billerica, MA). The tip used in the surface

measurements possesses a spring constant k of ~1—7 N/m
with a resistance frequency of 75 + 10 kHz, and the cantilever
length was ~225 pm. AFM images were taken with a 500 X
500 pixel resolution over 5 ym X 5 ym area at a scan rate of
0.5 Hz. The section analysis feature of the software (Gwyddion
Version 2.61) was used to determine peak heights and root-
mean-square (RMS) surface roughness.

2.3.2. Scanning Electron Microscopy. The morphology of
the top surface of the membrane before and after patterning, as
well as after compaction from pure water permeance tests was
observed using a Thermo Fisher Apreo field-emission scanning
electron microscope (FE-SEM) at The University of Alabama.
Each membrane was attached to an aluminum stub with
carbon tape and then gold coated prior to FE-SEM
measurements. The FE-SEM measurements were performed
at an accelerating voltage of 5.0 kV, a current voltage of 0.10
nA, and a magnification of 10,000X.

2.3.3. ATR-FTIR. Membrane chemistry before and after
patterning was investigated using attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR). The
membranes were rinsed in DI water, pat dried, and dried under
a vacuum from ~ —0.51 to —0.85 barg before analysis. The
measurements were conducted using a PerkinElmer Spectrum
2 ATR-FTIR spectrometer equipped with a diamond ATR
crystal in the range 4000-450 cm™'. Data were processed by
Spectrum 10 software. Each spectrum was collected for 128
scans at a resolution of 4 cm™' and was baseline and ATR
corrected with the Spectrum 10 software. All spectra were
normalized to the peak at ~1240 cm™'. A background of the
ATR crystal was taken before each set of samples was tested to
ensure the crystal was clean.

2.3.4. Water Contact Angle. Static water contact angles
were measured on both patterned and pristine membranes to
evaluate the change in hydrophobicity caused by the patterns.
The contact angles were collected with a Dataphysics OCA-
1SEC contact angle analyzer using the sessile drop method. A
liquid drop of DI water (~1S uL) was placed on the surface of
each membrane. The SCA 20 Analysis software was used in the
sessile drop model to determine the contact angle. Measure-
ments were taken at ~130 s after each drop was placed for
consistency. A minimum of six measurements per membrane
were taken to obtain an average contact angle measurement
and standard deviation for each membrane type.

2.4. Membrane Performance Testing. 2.4.1. Pure
Water Permeance. A 10 mL dead-end stirred cell (Sterlitech,
Kent, MA) with a membrane active area of 3.8 cm” was used to
conduct pure water permeance experiments. First, a flushing
procedure was conducted to remove the humectant from the
pores of pristine and patterned Psf membranes. To flush the
membranes, they were immersed in 70% IPA for 0.5 h, rinsed
three times with DI water, and stored in DI water at 4 °C until
use. The dead-end stirred cell was pressurized using a nitrogen
(N,) tank, and the flux was calculated by measuring the change
of mass on the permeate side using a digital weighing scale
(U.S. Solid, Cleveland, OH). Next, each flushed membrane
was compacted for 0.5 h at 3 bar pressure to ensure that the
flux change was less than 5%. Pure water flux tests were
performed on the compacted membranes for 1 h at 1 bar
transmembrane pressure (TMP). Experiments were conducted
in triplicate for statistical relevance. Equation 1 was used to
calculate permeance, which was equal to the volume of water
that permeated through the membrane (AV) divided by the
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membrane footprint area (A) times the permeate collection
time (At) times the transmembrane pressure (AP).

AV
AAtAP (1)

A custom-build cross-flow cell (channel dimensions of 28
mm long, 17 mm wide, and 1.5 mm deep, and an active area of
5.44 cm’) equipped with 17 mil low-foulant spacer and a
permeate carrier (Sterlitech),” was used to evaluate the pure
water permeance of the pristine and patterned membranes. All
tests were conducted at a flow rate of 50 mL min~" enabled by
a reciprocating pump (Eldex Laboratories Incorporated, Napa,
CA) followed by a dampener (Cat Pumps, Minneapolis,
MN).* A flushed pristine or patterned membrane (29 mm X
45 mm) was placed with its active side facing down into the
cross-flow cell, where it was compacted for 0.5 h at a TMP of 4
bar. The desired TMP is calculated using the following
equation:

permeance (Lm >k 'bar™') =

+ P

retentate
- P

Pfeed
TMP (bar) = > ? emeate @

where P4 is the pressure of the feed at the inlet of the flow
cell, Pyoeneare is the pressure of the retentate, and Ppepeqe 1S the
pressure of the permeate. Post compaction, the pure water
permeance was evaluated by applying a TMP of 1 bar for 1 h,
using eq 1. The pure water tests were performed in triplicate
for statistical relevance.

2.4.2. Static Bacteria Fouling. Static bacteria fouling tests
were conducted as reported previously.’’ In brief, the Gram-
negative bacterium E. coli K12 MGI16SS, containing a green
fluorescent protein (GFP) plasmid, was purchased from
DSMZ, Leibniz-Institut, Germany. Glass coverslips (22 mm
X 22 mm, Fisher Scientific) were used as internal controls and
were cleaned by submersion in an acetone bath (stirred at 60
rpm) for 10 min followed by rinsing with autoclaved DI water
three times, before being dried at 60 °C for 16 h and treated
with UV/ozone (ProCleanerTM, Bioforce Nanosciences,
Ames, IA) for 10 min. Both sides of the pristine and patterned
membranes (circular coupons, diameter = 2.54 cm) were
sterilized for 10 min using a UV lamp (UVP UVGL-SS,
Analytik Jena US, Upland, CA). E. coli was inoculated with 100
ug mL™" of carbenicillin and grown overnight in LB media at
37 °C to a concentration of 10° cells mL™". All membrane
samples were placed at the base of six-well plates (Fisher
Scientific) to which S mL of M9 media containing 250 uL of E.
coli was added to each of the six wells and placed in an
incubator at 37 °C for 2 h. Membranes were then removed
from the six-well plates and lightly rinsed with M9 media to
remove the loosely adherent bacteria. At least 15 random
images of each sample were acquired using an Axio Imager
A2M microscope (20X magnification, Zeiss, Thornwood, NY).
Experiments were conducted in three parallel replicates on two
different days for statistical relevance and biological replicates.
Bacteria colony area coverage (%) was calculated using the
particle analysis function in ImageJ 1.53a software,” consistent
with our and others previous work.”*?

2.4.3. Dynamic Bacteria Fouling. Dynamic fouling experi-
ments were performed on the membranes using the previously
described dead-end stirred cell.*****3° First, both sides of each
membrane coupon were sterilized using the UV lamp for 10
min. E. coli were grown overnight in LB and resuspended in
PBS (pH 7.4) to reach a concentration of 107 cells mL™". The
initial pure water flux, ], ;, was measured by passing DI water at

1 bar TMP for 1 h and determined using eq 3, where AVpaer
is the volume of water that permeated through the membrane,
At is the time, and A is the membrane area.

\4

DIwater

A
21y _
o (000 = = @

AV, .
(L —Zh—l — E.coli
Jea (IR = = @

A VDIwater

21y
Jug (L ™"h0) = —70 s)

FRR (%) = Jut x 100
]w,i (6)

The fouling experiment was carried out by passing 40 mL of
the bacteria suspensions at 1 bar TMP with a stir rate of 600
rpm to find the flux rate, J i (eq 4).*°° Following E. coli
filtration, the membrane coupons were rinsed with PBS for 10
min, and the final pure water flux, J,,; was measured (eq 5).”
The flux recovery ratios (FRRs) were calculated using eq 6 and
are the ratio of final pure water flux and initial pure water flux
of the membranes. All the dynamic fouling experiments were
performed in triplicate for statistical relevance.

2.5. Statistics. For all of the data, an unpaired Student’s ¢
test was conducted in Microsoft Excel (Version 2203) to
determine the statistically significant difference between
samples. Significance is denoted in the graphs using asterisks

(*) and defined in figure captions.

3. RESULTS AND DISCUSSION

3.1. Surface Patterning. The PS20 membranes were
patterned directly with silicon stamps by thermal embossing.
This causes the membrane to deform and mold into the
pattern shape, such that the pattern on the membrane will be a
negative of the stamp pattern.'*'”***® Figures 1 and 2 show
the changes to the surface that happens during the patterning
process. Figure 1 shows the SEM images taken of the
membrane. A noticeable line-and-groove pattern is visible in
the patterned membrane in Figure 1B. There does not seem to
be any noticeable difference for both the patterned and pristine

Figure 1. SEM images of a (A) pristine PS20 membrane before
compaction, (B) patterned PS20 membrane before compaction, (C)
pristine PS20 membrane after compaction, and (D) patterned PS20
membrane after compaction. The images were taken at 10,000X
magnification, and the common scale bar is S pm.
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Figure 2. AFM images and cross-sectional profiles of (A) pristine and (B) patterned PS20 membranes after compaction. The common scan area is

Spum X S um.

membranes after compaction at 3 bar, as can be seen in Figure
1C,D. Image] was used to determine the peak-to-peak distance
on the patterned membranes in Figure 1B,D. The distances
were 595 + 2 and 581 + 1 nm for the compacted and prior to
compacted membranes, respectively. These peak-to-peak
distances are not statistically different at p = 0.05 (n = 15).
Because there is not a significant difference between the peak-
to-peak distances before and after compaction, AFM images
were taken only after compaction.

Figure 2 shows the AFM images of the pristine and
patterned membrane after compaction, along with a cross-
sectional profile of each image. Figure 2B shows the clear
patterns that were embossed into the membrane. The peak
height of the pattern was determined to be 66.2 + 3.8 nm
using the AFM sectional analysis tool. Our average peak height
is lower than the average peak height that was previously
reported to of 179 nm by Weinman et al. when the same stamp
was applied to a similar membrane (Nanostone is now
Solecta).”® This is likely due to a lower patterning pressure
being used in this study (83.7 bar) compared to their study
(189 bar) due to a greater area being stamped. The period of
the pattern (peak-to-peak distance) was determined to be
594.0 + 66.7 nm, which is comparable to other studies using
this stamp.””*® On the basis of the pattern dimensions, it was
calculated that the patterned membranes had a 29.4% increase
in surface area, with the pristine membranes having a 6.4 cm”
surface area and the patterned membranes having an 8.3 cm?
surface area. The z-scale on the side of each image represents
the height of the topography of the membrane surface. The

pristine membrane in Figure 2A has a smaller scale due to
there being less variance of the height. In Figure 2B, the scale is
larger due to there being a larger difference from the top of the
pattern to the lowest point. This difference also causes the
difference in the height scale on the cross-sectional profiles.
Table 1 shows the RMS surface roughness data from the AFM

Table 1. Pristine and Patterned PS20 Membrane
Characteristics”

RMS surface roughness after

membrane  water contact angle (°) compaction (nm)
pristine 89.2 +2.6 3402
patterned 84.9 + 3.7 6.1 + 0.7

“Water contact angle error represents one standard deviation from six
samples. Surface roughness error represents one standard deviation
from three samples.

images of the membranes after compaction. As expected, the
RMS roughness was higher for the patterned membranes
compared to the pristine membranes. However, when the RMS
roughness was analyzed for only the peaks and the valleys of
the patterns, the peaks were found to be statistically similar (p
= 0.05) to the pristine membranes at 3.6 + 0.3 nm and the
valleys were found to be statistically similar (p = 0.05) to the
pristine membranes at 2.4 + 0.6 nm. While ordered roughness
has been added to the membrane in the form of patterns, the
roughness of the membrane surface itself has not been altered.

Table 1 also shows the water contact angle data of the
pristine and patterned PS20 membranes. The water contact
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angle for the patterned PS20 membrane is slightly statistically
lower (p = 0.05) than that of the pristine membrane, indicating
a transition to the Wenzel wetting state,”” which is common
for patterning hydrophilic (<90° water contact angle) surfaces.

Figure 3 shows the ATR-FTIR spectra of the pristine and
patterned membranes. The spectra are overlapping, indicating

Pristine

Patterned

3950 3450 2950 2450 1950 1450 950
Wavenumber (cm-')

450

Figure 3. ATR-FTIR spectra of a pristine and patterned PS20
membrane. Spectra are normalized to the peak at 1240 cm™L

no change in the functional groups of the membrane before
and after patterning, as expected. The peaks at ~1590, ~1505,
~1490, ~1325, ~1295, ~1240, ~1170, ~1150, and ~835
cm™" are typical of Psf membranes.”*** The large peak in the
3340 cm™’ region is indicative of — OH bonds, and the peaks
at ~2940 and ~2880 cm™' are indicative of —CH,— bonds,
suggesting this membrane is coated, likely with a polymer, like
poly(vinyl alcohol),”** to help reduce membrane fouling.
These results combined with the surface roughness and water
contact angle data imply that any changes seen in membrane
performance are due to patterns on the membrane surface and
not any changes to the surface chemistry or roughness of the
membrane surface.

3.2. Membrane Performance. 3.2.1. Pure Water
Permeance. Next, we measured the pure water permeance
of pristine PS20 membranes and patterned PS20 membranes
using the dead-end stirred cell. The permeance values reported
in Figure 4A are the mean values over 1 h of filtration at the

steady-state condition, i.e., post compaction. The pristine PS20
membranes had an average pure water permeance of ~35 L
m™> h™' bar™'. The patterned PS20 membranes had a
statistically lower pure water permeance of ~22 L m™ h™*
bar™'. One would expect that, by calculating the water
permeance using footprint area, the water permeance for the
patterned membrane should increase due to the increase in
available surface area for permeation. Potentially, this
permeance reduction could be attributed to pore size reduction
or collapse due to the pressure applied during stamping, as
observed in other reports.'#*%*°

The cross-flow pure water permeance of the pristine PS20
and patterned PS20 membranes were determined at a TMP of
1 bar, postcompacting the membranes at 4 bar (see Figure 4B).
The direction of flow was perpendicular (i.e., 90°) to the
patterned lines. The patterned PS20 membranes exhibited a
statistically lower permeance than the pristine PS20 mem-
branes. The pure water permeance for pristine PS20 and
patterned PS20 were 241 + 67 and 157 + 21 L m > h™" bar™,
respectively. These results further support the fact that some
pores collapse on applying high pressure during the stamping
process. "**** Even after applying high pressure during
stamping, the decrease in the permeance was only ~35%.
The differences between the dead-end and cross-flow results
are likely due to a number of factors, such as the difference in
the hydraulic resistance of the membrane supporting base
plates and the difference in the shear stress in the two
systems.41

3.2.2. Static Resistance to Bacteria Fouling. The resistance
to bacterial fouling was determined for the pristine PS20 and
patterned PS20 membranes using a static assay featuring the
model microorganism E. coli. Figure S shows that statistically
fewer E. coli attached to the patterned PS20 than to the pristine
PS20 membranes after a 2 h incubation period. In comparison
to the pristine PS20 membranes, E. coli attachment decreased
by more than 60%, to 38 + 8% for patterned PS20 membranes.
Glass coverslips (run as internal control) fouled significantly
more than both pristine PS20 and patterned PS20 membranes
(data not shown). Our results demonstrate that patterned
PS20 membranes are highly repellant to E. coli. The line-and-
groove nanopatterns potentially reduce the bacteria-membrane
contact, thus improving the bacterial antifouling capabilities of
patterned PS20 membranes. Previous studies have demon-
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Figure 4. (A) Dead-end pure water permeance of pristine PS20 and patterned PS20 membranes at 1 bar TMP. (B) Cross-flow pure water
permeance of pristine PS20 and patterned PS20 membranes at 1 bar TMP. Error bars denote one standard deviation; one asterisk (*) denotes a p

< 0.0S significance between samples.
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Figure S. Normalized E. coli area coverage after 2 h of incubation on
pristine PS20 and patterned PS20 membranes. Error bars denote one
standard deviation; one asterisk (*) denotes a p < 0.01 significance
between samples.

strated that nanotopography decreases the contact area
between a polymer substrate and bacteria in a static assay."
3.2.3. Dynamic Bacteria Fouling Resistance. The dynamic
resistance to E. coli fouling of the pristine PS20 and patterned
PS20 membranes were evaluated using the dead-end stirred
cell using bacteria suspensions. Initial fluxes of pristine PS20
and patterned PS20 were statistically equivalent at 112 + 14
and 111 + 10 L m2 h7}, respectively. As shown in Figure 6A,
the initial flux of both the pristine PS20 and patterned PS20
membrane decreased sharply since the bacteria instantaneously
deposited on the membrane surface. It can be observed that,
after 10 min of rinsing with PBS solution, the patterned PS20
membranes demonstrated a larger flux recovery compared to
the pristine PS20 membranes. In comparison to the pristine
PS20 membranes, Figure 6B shows that the patterned PS20
membranes had a statistical increase in their FRR, which is a
measure of the dynamic fouling resistance of a membrane. The
FRR increased from 70 + 1% for pristine PS20 membranes to
88 + 3% for the patterned PS20 membranes when challenged
using a high concentration of E. coli (10" CFU mL™"). Previous
studies wherein the FRR was tested using P. aeruginosa (10*—
10° CFU mL™")'"** or bovine serum albumin (BSA) (1 g
L)' on different patterned membrane types showed similar
FRR trends. E. coli is a rod-shaped bacteria that is generally 0.5
um in diameter by one micron in length. The patterns are

~0.07 pm in height and ~0.6 ym in peak-to-peak distance.
This size would allow for the E. coli to deposit into the pattern
only if it is aligned parallel (0°) to the pattern but likely not
deposit all the way down into the valley. This would likely lead
to an enhanced flux recovery after rinsing."” If the E. coli tried
to deposit perpendicular (90°) to the patterns or at another
angle that is not parallel to the pattern, then the contact area
between the bacteria and the membranes would be reduced
compared to the flat membrane, leading to less overall
fouling."****>** Thus, our results suggest that E. coli deposited
more parallel to the patterns due to the enhanced flux recovery
and little difference in flux decline.

4. CONCLUSION

Nanoimprint lithography was used to pattern a commercial
ultrafiltration membrane to reduce membrane bacteria fouling
as demonstrated in this work using E. coli K12. Nanopatterned
membranes reduced static bacteria attachment by over 60%.
Dynamic fouling experiments show that the nanopatterned
membranes had an improved FRR of 88% compared to the
pristine membranes, which had a FRR of 70%. The enhanced
static fouling resistance was attributed to a decrease in bacteria-
membrane contact. The improved cleanability was attributed
to the E. coli not being able to deposit down in the valleys of
the patterns. These results supported our hypothesis that the
nanopatterns improved E. coli fouling resistance. That being
said, the rate of fouling was similar for both the nanopatterned
and pristine membranes. Ongoing work is exploring other
pattern sizes and shapes to further improve static bacteria
attachment and flux recovery and to reduce the rate of fouling
on the pattern membranes compared to pristine membranes.
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