1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 April 06.

-, HHS Public Access
«

Published in final edited form as:
ACS Appl Mater Interfaces. 2016 October 19; 8(41): 27585-27593. doi:10.1021/acsami.6b09839.

Antifouling Electrospun Nanofiber Mats Functionalized with
Polymer Zwitterions

Kristopher W. Kolewe™1, Kerianne M. Dobosz'1, Katrina A. Rieger!, Chia-Chih Chang?,
Todd Emrick?, and Jessica D. Schiffman”

1Department of Chemical Engineering, University of Massachusetts Amherst, Amherst,
Massachusetts 01003-9303

2Department of Polymer Science and Engineering, University of Massachusetts Amherst,
Massachusetts 01003-9303

Abstract

In this study, we exploit the excellent fouling resistance of polymer zwitterions and present
electrospun nanofiber mats surface-functionalized with poly(2-methacryloyloxyethyl
phosphorylcholine) (polyMPC). This zwitterionic polymer coating maximizes the accessibility of
the zwitterion to effectively limit biofouling on nanofiber membranes. Two facile, scalable
methods yielded a coating on a cellulose nanofiber platform: (i) a two-step sequential deposition
featuring dopamine polymerization followed by the physioadsorption of polyMPC; and (ii) a one-
step codeposition of polydopamine (PDA) with polyMPC. While the sequential and codeposited
nanofiber mat assemblies have an equivalent average fiber diameter, hydrophilic contact angle,
surface chemistry, and stability, the topography of nanofibers prepared by codeposition were
smoother. Protein and microbial antifouling performance of the zwitterion modified nanofiber
mats along with two controls, cellulose (unmodified) and PDA coated nanofiber mats were
evaluated by dynamic protein fouling and prolonged bacteria exposure experiments. Following 21
days of exposure to bovine serum albumin, the sequential nanofiber mats significantly resisted
protein fouling, as indicated by their 95% flux recovery ratio in a water flux experiment, 300%
improvement over the cellulose nanofiber mats. When challenged with two model microbes
Escherichia coliand Staphylococcus aureus for 24 hr, both zwitterion modifications demonstrated
superior fouling resistance by statistically reducing microbial attachment over the two controls.
This study demonstrates that by decorating the surfaces of chemically and mechanically robust
cellulose nanofiber mats with polyMPC, we can generate high performance, free-standing
nanofiber mats that hold potential in applications where antifouling materials are imperative, such
as tissue engineering scaffolds and water purification technologies.
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INTRODUCTION

Electrospinning is a scalable and versatile technique for producing highly porous materials
that exhibit outstanding structure-property relationships.1:2 The produced mats are
comprised of nano- and macroscale diameter fibers, which have microscale interstitial
spacing, a large surface-to-volume ratio, high specific surface area, and porosity values
greater than >80%.34 By coupling their unique structural characteristics with an optimized
surface chemistry, electrospun fiber mats are promising for applications ranging from tissue
engineering,>® to wearable electronics,’ to water purification technologies.8 Unfortunately,
these materials are susceptible to biofouling, which can cause detrimental complications,
such as, reduced efficiency and selectivity of membranes® and infections from
contaminated medical devices.11

Biofouling is characterized as a nonspecific surface attachment of biomolecules,
microorganisms, and mammalian cells.12.13 The initial adhesion of biomolecules and
microbes can be delayed through manipulation of surface properties, 7.¢e., surface chemistry,
surface topography, and mechanical properties.1#15 Because of their enhanced stability and
excellent fouling resistance, polymer zwitterions have emerged as a promising class of
antifouling materials.16:17 The charge-neutral zwitterionic moieties attract water to the
surface forming a hydration layer1819 that is likely responsible for excellent protein
adsorption resistance?® and reduced bacterial adhesion.2!

Electrospinning with zwitterions has been limited to sulfobetaine derivatives and the as-spun
fibers were observed to lack chemical and/or mechanical integrity.22 Brown et a/.23
demonstrated that zwitterionic copolymers containing sulfobetaine methacrylate in a poly(r+
butyl acrylate) matrix could be electrospun into fibers of ~100 nm diameter. Due to the low
solution concentration and viscosity, fiber spinning was hypothesized to result from
zwitterion aggregation rather than chain entanglement. In contrast, it was demonstrated that
a high solution concentration of high molecular weight poly(sulfobetaine methacrylate)
favored smooth fiber formation with diameters ranging from 200 to 800 nm.24:2% In a
subsequent report, Lalani and Liu2® used a three-step process, namely, polymerization,
electrospinning, and photo-crosslinking, to form water-stable Ag* impregnated
poly(sulfobetaine methacrylate) nanofiber mats that were antifouling and antibacterial. An
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additional study incorporated sulfobetaine groups into small diameter tissue engineered
vascular grafts by spinning biodegradable, elastic polyurethanes containing sulfobetaine
from a polycaprolactone-diol:sulfobetaine-diol mixture reacted with diisocyanatobutane and
chain-extended with putrescine.2’ Cyanoacrylate monomers (i.e., super glue), have been
electrospun alone28 and in combination with other acrylic polymers via air-flow assistance?®
and via the rapid polymerization of the ethyl-2-cyanoacrylate monomer in the presence of
moisture.30 While preliminary success at spinning zwitterion-containing solutions has been
demonstrated, the solution and apparatus requirements, i.e., polymer concentration, solvent
system, applied voltage, etc., must be re-optimized in each case. Additionally, after
optimization, there is no guarantee that the zwitterion are present at the surface of the
nanofiber mats for maximizing non-fouling effects. We suggest that a facile, effective
nanofiber mat surface modification, which potentially could be employed for any polymer
zwitterion, would represent a cost-effective approach towards controlling fouling while

retaining the chemical stability and mechanical properties of the underlying nanofiber mat.
31-33

Under alkaline conditions, bioinspired dopamine undergoes oxidative polymerization to
yield surface-adherent, ultrathin, hydrophilic polydopamine (PDA) coatings.3*35 However,
after prolonged exposure to proteins and microorganisms, PDA coatings are prone to
fouling,36-38 making the inclusion of functional antifouling moieties a necessity to improve
their performance. Conveniently, the chemical structure of PDA incorporates many
functional groups, such as catechol, amine, and imine, which are amendable to covalent
modification3® using techniques common to antifouling applications,3%-41 including layer-
by-layer assembly,*2 polymer grafting,344 and peptide immobilization.3 In terms of
zwitterion incorporation, our group3® and Zhou er a/*> have demonstrated that polymer
zwitterion can be immobilized using a codeposition method with PDA to form an ultrathin
composite coating on a variety of surfaces, including, silicon, glass, polystyrene,
perfluorinated silicon, steel, and microporous polypropylene membranes.

In this work, we investigate codeposition, as well as a sequential modification method that
directly functionalizes the surface of electrospun nanofiber mats with the polymer zwitterion
poly(2-methacryloyloxyethyl phosphorylcholine) (polyMPC).#6 These techniques are
intended to maximize the accessibility and functionality on the fiber surface. We selected
cellulose nanofibers as the platform base material, as this biopolymer represents an abundant
source of biomedical and environmental materials.*” Our previous work examined
polyMPC/PDA codeposition kinetics, surface roughness, surface composition, and coating
stability to determine the optimal concentration and conditions to control coating thickness
and surface roughness on flat, non-porous substrates.3® Here, we employ polyMPC/PDA in
a codeposition and sequential coating method to functionalize nanofibers. The surface
topography, chemistry, protein fouling, and microbial fouling of the four hydrophilic
nanofiber mats, cellulose (control), PDA-functionalized, and polymer zwitterion
functionalized (via codeposition and sequential methods) were evaluated. To our knowledge,
this represents the first use of polymer zwitterions directly on the surface of nanofiber mats.
As will be described, we find that a facile surface functionalization imparts significant
antifouling properties without sacrificing the inherent porous architecture, mechanical, or
chemical stability of the underlying nanofiber mat.
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MATERIALS AND METHODS

Materials and Chemicals

All compounds were used as received. Cellulose acetate (M,, = 30 kDa), dopamine
hydrochloride, M9 minimal salts (M9 media), D-(+)-glucose, calcium chloride (anhydrous),
phosphate buffered saline (PBS, 1 x sterile biograde), Luria-Bertani broth (LB) tryptic soy
broth (TSB), bovine serum albumin (BSA, M,, = ~66 kDa), and sodium chloride (NaCl)
were obtained from Sigma-Aldrich (St. Louis, MO). Tris(hydroxymethyl)aminomethane
(Tris), ethanol, and sodium hydroxide (NaOH) were obtained from Fisher Scientific (Fair
Lawn, NJ). Deionized (DI) water was obtained from a Barnstead Nanopure Infinity water
purification system (Thermo Fisher Scientific, Waltham, MA).

Fabrication of Cellulose Nanofiber Mats

A 15 w/v% solution of cellulose acetate in acetone was mixed for 24 hr at 20 rpm using an
Arma-Rotator A-1 (Bethesda, MA).#8 The solution was loaded into a 5 mL Luer-Lock tip
syringe capped with a Precision Glide 18-gauge needle (Becton, Dickinson & Co. Franklin
Lakes, NJ), which was secured to a PHD Ultra syringe pump (Harvard Apparatus, Plymouth
Meeting, PA). Alligator clips were used to connect the positive anode of a high-voltage
supply (Gamma High Voltage Research Inc., Ormond Beach, FL) to the needle and the
negative anode to a copper plate wrapped in aluminum foil. A constant feed rate of 3 mL/hr,
an applied voltage of 25 kV, and a separation distance of 10 cm were used to spin cellulose
acetate. The assembled electrospinning apparatus was housed in an environmental chamber
(CleaTech, Santa Ana, CA) with a desiccant unit (Drierite, Xenia, OH) to maintain a
temperature of 22 + 1 °C and a relative humidity of 55%. All nanofiber mats used in this
study were electrospun for 1 hr. To convert the cellulose acetate nanofibers to cellulose
nanofibers, the mats were sandwiched between sheets of Teflon and thermally treated at
208 °C for 1 hr before being submerged in a 0.1 M NaOH 4:1 v/v of water/ethanol solution
for 24 hr. The cellulose nanofiber mats were placed in a desiccator for 24 hr at room
temperature (23 °C) before functionalization.

Preparation of PolyMPC/PDA Functionalized Nanofiber Mats

PolyMPC, Mn: 30 kDa, was prepared according to a previously published method.384° The
fabricated cellulose nanofiber mats were surface-functionalized using one of three following
techniques: (i) only polydopamine (PDA), (ii) a sequential process using PDA then
polyPMC, or (iii) a simultaneous codeposition of PDA and PMPC. First, the base platform
cellulose nanofiber mats were punched into circles with 2.54 cm (1 inch) diameters using a
Spearhead® 130 Power Punch MAXiset (Fluid Sealing Services, Wausau, WI) and placed in
a 6-well plate with 5 mL of the desired functionalization solution. For PDA
functionalization, the cellulose nanofiber mats were submerged in a freshly prepared Tris
buffer (10 mM, pH 8.5) containing 2 mg/mL PDA for 6 hr.3° For the sequentially
functionalized nanofibers, the mats were submerged in the described PDA solution, then
submerged in Tris buffer containing 2 mg/mL polyMPC for 24 hr.38 Codeposition of PDA/
polyMPC onto the nanofiber mats was achieved by submerging the mats in Tris buffer
containing 2 mg/mL of PDA and 2 mg/mL polyMPC for 6 hr.38 After each treatment, the
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mats were rinsed 3x with DI water. Throughout this manuscript, we will refer to the three
sample types as PDA, polyMPC/PDA sequential, and polyMPC/PDA codeposited.

Characterization of PolyMPC/PDA Functionalized Nanofiber Mats

Micrographs of cellulose nanofiber mats with and without functionalization (PDA,
sequential, and codeposited) were acquired using an FEI-Magellan 400 scanning electron
microscope (SEM, Hillsboro, OR). A Cressington 208 HR sputter coater (Cressigton
Scientific Instruments, Watford, England) was used to coat samples with ~5 nm of platinum.
The fiber diameter and particle diameter distribution were determined by measuring 50
random fibers or 100 random particles from 5 micrographs using /mage J1.45 software
(National Institutes of Health, Bethesda, MD). A PerkinElmer Spectrum 100 Fourier
transform infrared spectrometer (FTIR, Waltham, MA) confirmed the regeneration of
cellulose acetate nanofiber mats to cellulose after the alkaline treatment. High resolution x-
ray photoelectron spectroscopy (XPS, Physical Electronics Quantum 2000 Microprobe,
Physical Electronics Inc., Chanhassen, MN) scans were obtained to determine the chemical
composition using the known sensitivity factors. A monochromatic Al X-rays at 50 W was
used with a spot area of 200 um and the take-off angle was set to 45°. Contact angle
measurements were acquired using a home-built apparatus equipped with a Nikon D5100
digital camera with a 60 mm lens and 68 mm extension tube (Nikon, Melville, NY).50 Data
represents the average of five drops of glycerol (4 pL) measured on two different cellulose,
PDA, polyMPC/PDA sequential, and polyMPC/PDA codeposited nanofiber mats.

Dynamic Protein Fouling of PolyMPC/PDA Functionalized Nanofiber Mats

Free-standing cellulose nanofiber mats, with and without functionalization, were prepared to
evaluate their fouling properties. Non-supported nanofiber mats were loaded into a 25 mm
Sterlitech stirred-cell (Kent, WA) after being pre-wet using DI water for 12 hr. The mats
were 76.2 = 5 um thick, as measured using a Mitutoyo 293-330 digital micrometer (Ontario,
Canada) with an effective mat area of 3.80 cm?2. The initial pure water flux, ir Was
determined using Equation 1, where Vp; yazer is the volume of water permeated through the
membrane, Atis the change time, and A,z is the area of the mat. DI water was passed
through the nanofiber mats at an applied pressure of 2 psi®! with a stir rate of 600 rpm. The
time was recorded for each 100 g of DI water that permeated through the nanofiber mat.

L VDI water .
I, l.( ) =——— (Equation 1)

mzh Amat X At

L VBSA solution .
JBSA(%) = A—XAZ‘ (Equatlon 2)

mat
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L VDI water .
J (—) =——— (Equation 3)
. f m2h Amat X At

J
FRR(%) = Jw—f x 100  (Equation 4)
w, i

A BSA solution (250 mg/L in DI water) was used as a model fouling agent to find the
permeation flux, Jgsa, Equation 2. The BSA solution (80 mL, pH 5.5) was passed through
the nanofiber mats at an applied pressure of 4 psi.>1 After BSA testing, the non-rinsed
nanofiber mats were submerged in 5 mL of DI water for 21 days to observe the long term
BSA fouling. Samples were kept on a shaker plate at 75 rpm; the shaker prevents the
nanofiber mat from settling in the well. Pure water flux of the nanofiber mats after BSA
fouling and aging (J,,,s) was measured at an applied pressure of 2 psi. The flux recovery ratio
(FRR) was calculated using Equation 452 and is a measure of membrane fouling resistance.
All nanofiber mats were tested in triplicate. Significant differences between samples were
determined with an unpaired student #test. Significance (p < 0.01) is denoted in graphs by
one (*) asterisk.

Bacterial Fouling of PolyMPC/PDA Functionalized Nanofiber Mats

The model gram-negative and gram-positive microorganisms were Escherichia coli K12
MG1655 (£. coli) and Staphylococcus aureus SH1000 (S. aureus), respectively. E. coli
purchased from DSMZ (Leibniz-Institut, Germany) contained a GFP plasmid while the S.
aureus contained a high-efficiency pCM29 sGFP plasmid.>3 Free-standing cellulose
nanofiber mats with and without functionalization (PDA, sequential, and codeposition), were
punched into circles with 2.54 cm diameters and placed at the base of 6-well plates (Fisher
Scientific) to which 5 mL of M9 media with 100 pg/mL ampicillin or 10 pg/mL
chloramphenicol was added for £. colior S. aureus (1.00 x 108 cells/mL), respectively.
Internal controls (glass coverslips) were also run in parallel (data not shown). The growth
media in each well was inoculated with an overnight culture of £. coli or S. aureus, which
were washed and resuspended in M9 media,>#:5 then placed in an incubator at 37 °C for 24
hr. Nanofiber mats with attached bacteria were removed from the 6-well plates and washed
with PBS to remove loosely adherent bacteria. £. coliand S. aureus attachment was
evaluated using an adhesion assay®6->7 that monitored the bacteria colony coverage within a
366,964 um? area using a Zeiss Microscope Axio Imager A2M (20x magnification,
Thornwood, NY). The particle analysis function in /mageJwas used to calculate the bacteria
colony area coverage (%) by analyzing 10-15 randomly acquired images over three parallel
replicates. Significant differences between samples were determined with an unpaired
student #test. Significance (p < 0.001) is denoted in graphs by two (**) asterisks.
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RESULTS AND DISCUSSION
Morphological Characteristics of PolyMPC/PDA Functionalized Nanofiber Mats

Cellulose nanofiber mats were successfully prepared by alkaline treatment of the electrospun
cellulose acetate nanofiber mats, Figure 1. FTIR spectra of the as-spun cellulose acetate and
the regenerated cellulose nanofiber mats are displayed in Figure S1 of the Supporting
Information. Notably, the disappearance of the 1750 cm™1 peak indicates that the acetate
groups have been replaced with hydroxyl groups supporting the regeneration of cellulose.
Predominantly, the cellulose nanofiber mats displayed a cylindrical morphology®8->° with an
average fiber diameter of 1.08 £ 0.46 um, Figure S1. The cellulose nanofiber mats served as
the base substrate for the three surface functionalizations examined. Previous reports
concluded that the thickness of PDA coatings can be reliably controlled by adjusting
dopamine concentration, pH, temperature, buffer, and reaction time.38:60-62 Since this study
aims to explore the presentation of the zwitterionic moieties, we chose to use a consistent
PDA coating condition that previously resulted in thin (~25 nm) underwater
superoleophobic and antifouling coatings on silicon wafers.38 As expected, stable coatings
did not form on the cellulose nanofibers with polyMPC alone.

Visually, the as-prepared white cellulose nanofiber mats changed to brown after
functionalization with PDA, polyMPC/PDA sequential, and polyMPC/PDA codeposition,
consistent with previous reports.53 Cellulose nanofiber mats that were coated with PDA
exhibited particulate aggregates throughout the nanofiber matrix consistent with previous
reports of PDA coatings on smooth surfaces.5%:61 The PDA particles within the aggregates
had an average diameter of 0.73 + 0.9 um (Figure 2). Inspection of the SEM micrographs
(Figure 1) showed that the polyMPC/PDA sequential deposition resulted in fewer large
aggregates and decreased average particle size on the fiber surface (0.32 + 0.3 um). Notably,
particle aggregation was nearly eliminated on the cellulose nanofiber mats that were
functionalized using the one-step polyMPC/PDA codeposition method. Here, the surface of
the individual nanofibers largely appeared smooth with average particle diameter of 0.14
+0.08 um. Sundaram et a/%* previously reported a similar finding, in the presence of a
hydrophilic polymer, catechol-terminated poly(carboxybetaine methacrylate), reduced PDA
aggregate size on microporous membranes from 3 um to <100 nm. Overall, the average fiber
diameter of the cellulose nanofiber mats functionalized with PDA, polyMPC/PDA
sequential, and polyMPC/PDA codeposition, remained equivalent to the base cellulose
nanofiber mats.

The effect of this surface functionalization on the hydrophilicity of the nanofiber mat was
determined by static contact angle measurements using glycerol. Contact angles were
determined to be statistically equivalent for all mats: 36.8 + 6.7° for the unmodified
cellulose nanofiber mats, 36.5 + 6.2° for PDA, 34.0 £ 6.8° for polyMPC/PDA sequential,
and 31.1 + 5.3° for polyMPC/PDA codeposition. As expected, a hydrophilic contact angle
was acquired on all nanofiber mats.
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Chemical Characteristics of PolyMPC/PDA Functionalized Nanofiber Mats

Representative survey scans and high-resolution XPS spectra were acquired to determine the
surface chemical composition of the cellulose, PDA and polyMPC/PDA nanofiber mats,
Figure 3. Nitrogen signals were expectedly absent from the base cellulose nanofiber mats,
while the PDA functionalized fibers exhibited a nitrogen signal at 399 eV, confirming
successful PDA deposition.® Cellulose nanofiber mats functionalized with both PDA and
polyMPC, either by sequential or codeposition method, were found to have a nearly
identical surface composition of Pop and Ny, thus confirming the presence of polyMPC after
their treatments (Figure 3 (B, C) and Table 1). Sequential and codeposited nanofiber mats
displayed a characteristic phosphorus P, signal at 132.4 eV due to the presence of
polyMPC, which was absent from the PDA functionalized materials. The phosphorus-to-
carbon (P/C) ratio of the sequential and codeposited mats were 0.016 and 0.013,
respectively, corresponding to 6.4 and 8.2 dopamine molecules for every PC group. The
nitrogen N1 region of the XPS spectra revealed a peak at 399 eV within the PDA
functionalized nanofiber mats, indicative of primary amines. With the addition of polyMPC,
a peak appears at 401 eV indicating the presence of quaternary amine that is unique to
polyMPC. The spectra of the polyMPC/PDA sequential and codeposition nanofiber mats
presented a 0.32 £ 0.1 and 0.36 £ 0.1 ratio of the quaternary amine to primary amine
nitrogens.

Protein Antifouling Activity of PolyMPC/PDA Functionalized Nanofiber Mats

A dynamic protein fouling test was conducted on the cellulose nanofiber mats as well as the
PDA and polyMPC/PDA functionalized mats using pure water and BSA solutions. As
observed in Figure 4A, all nanofiber mats had identical pure water flux, with a final flux
value of ~32,000 L m=2 h~1, similar to a result previously reported.?? Flux variability was
observed to decrease as the test progressed, after ~2000 g of permeate passed through the
mats, likely resulting from nanofiber compaction.2265 Despite the reported difference in
particle aggregate size (Figure 2), the similar flux behavior between the cellulose and
functionalized nanofiber mats might result from the large void space in the mats relative to
the challenge molecules.

The fouling resistance of nanofiber mats was evaluated by measuring the pure water flux,
Ju£; Of the fouled nanofiber mats following 21 days exposure to BSA. Figure 4B displays
the calculated FRR value, which is a measure of the fouling resistance nature of a membrane
calculated using Equation 4. In comparison to the non-functionalized cellulose nanofiber
mats, the PDA, polyMPC/PDA sequential, and polyMPC/PDA codeposition nanofiber mats,
all had a statistically significant increase in FRR values, 200%, 300%, and 150%, indicating
their heightened fouling resistance over the cellulose nanofiber mats. The polyMPC/PDA
sequential nanofiber mats exhibited a 98 + 6% FRR, which was greater than the 80% FRR
reported by Zhou et a/*®> who codeposited dopamine with poly(sulfobetaine methacrylate)
on microporous microfiltration membranes.8 Given that the pristine zwitterion-
functionalized nanofiber mats had the same chemistry, hydrophilicity, and only a different
topography, the better performance by the sequential nanofiber mats over the codeposited
nanofiber mats was surprising and led us to investigate the stability of the coating.
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Visually, the color change of the nanofiber mats persisted after the flux experiments and
aging the samples for 21 days. SEM micrographs confirmed that the fiber morphology
persisted as did the aggregates on the fiber surface, Figure S2. Additionally, XPS spectra
acquired on samples following the flux experiments confirmed that the elemental
composition of the nanofiber mats remained unchanged (Figure S3). Given these results,
potentially, the physisorption of polyMPC to PDA-coated nanofiber mats provides the
strongest BSA fouling resistance due to the presence of the zwitterion. Notably, independent
of fiber chemistry, the mean void size of electrospun mats has been reported to be 3 £ 1
times the mean fiber diameter.56 In this work, the cellulose nanofibers are ~1 um in diameter
and by accounting for the presence of the largest PDA particles (~0.7 um), we estimate a ~4
to 7 um void size, which is much larger than the size of pure water and the BSA foulant
(hydrodynamic diameter of 6.8 nm).87 However, since protein resistivity alone provides an
incomplete view of the antifouling performance of materials, we further investigated the
interactions of the nanofiber mats with microorganisms.

Bacterial Antifouling Activity of PolyMPC/PDA Functionalized Nanofiber Mats

The bacterial antifouling capability of the cellulose and polyMPC/PDA functionalized
nanofiber mats was evaluated after 24 hr using two model microbes, the Gram-negative £.
coli and the Gram-positive S. aureus. The extent of fouling from both microbes used in this
study is observed visually by the representative florescence micrographs provided in Figure
5. Quantitatively, the colony area coverage of both bacterial species on cellulose nanofiber
mats were statistically the same, 6.1 £ 0.5% and 6.3 + 0.4% for S. aureusand E. coll,
respectively. When cellulose nanofiber mats were functionalized with PDA, the amount of
fouling by S. aureusincreased to 7.5 + 1.6% over the control cellulose nanofiber mats, while
E. coliwas unchanged, 6.3 £ 0.2%. Although PDA resists protein adsorption over short time
periods, prolonged exposure leads to surface conditioning and ultimately bacterial fouling.58
As demonstrated here, antifouling performance is improved markedly by incorporation of
zwitterionic polymer.

The polyMPC/PDA sequential and codeposited coatings significantly reduced bacterial
fouling of the nanofiber mats compared to PDA and cellulose controls. Sequential nanofiber
mats reduced S. aureus fouling by 73% (2.0 £ 0.3%) relative to PDA and a statistically
significant, 80% reduction in £. colifouling (1.3 + 0.2%). Codeposition generates a uniform
coating that improved biofouling resistance by 79% and 85% compared to PDA, for S.
aureus (1.6 + 0.3%) and E. coli (1.0 + 0.1%), respectively. The 85% fouling reduction
achieved with the polyMPC/PDA coatings on high surface area nanofiber mats, is notably
consistent to our previous demonstration on glass surfaces,3 which is especially impressive
considering the documented ability of 3D-scaffolds to readily adsorb bacteria.® These
results indicate the presence of polyMPC on the surface of nanofibers significantly improves
resistance to both protein and bacterial fouling, with some dependence on the deposition
method. The adhesion of both bacterial species was ~25% greater on the polyMPC/PDA
sequential nanofiber mats indicating the influence of a secondary effect, likely, surface
morphology. The larger aggregates on the sequential nanofiber mats either promoted
bacterial adhesion and/or the smoother surface of the codeposited coating prevented
adhesion.
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CONCLUSION

We have described the use of polyMPC as an antifouling coating on electrospun cellulose
nanofiber mats using both a sequential and codeposited method featuring PDA. These
composite materials hold potential for use in applications, such as, water treatment and
wound healing where porous antibacterial materials are needed. Particle aggregate size was
significantly reduced by polyMPC/PDA codeposition versus functionalizing the nanofiber
mats with polyMPC/PDA sequential or PDA. While the initial pure water flux of all
freestanding hydrophilic nanofiber mats was high, ~30,000 L m=2 h~1, surface
functionalization with polyMPC resulted in notable improvement after the nanofiber mats
were fouled with BSA. The polyMPC/PDA nanofiber mats prepared by sequential coating
exhibited the best results, with a 300% increase in FRR relative to the control cellulose
nanofiber mats. We further investigated the ability of these mats to resist biofouling by
challenging the mats with £. coliand S. aureus for 24 hr. Both functionalization methods
showed significant improvement, yet codeposition performed noticeably better against both
bacterial species (85% for £. coliand 79% for S. aureus). This may be due, at least in part to
the morphology of the coating. Larger aggregates on the sequential coatings could provide
adhesion points for bacterial attachment, but the exact mechanism is not yet understood.
Nonetheless, this work indicates the utility of PDA as a robust bioinspired “glue” to
maximize the efficiency of codeposited antifouling zwitterions, which we anticipate to be
broadly applicable to efficiently limiting fouling on biomedical implants and membranes
used for separations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) SEM micrographs of the cellulose nanofiber mats used as the base materials for this

study. The morphology of (B) PDA and (C, D) polyMPC/PDA (sequential and codeposited)
functionalized nanofiber mats are also displayed.
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Distribution of particle aggregate size on the PDA and polyMPC/PDA (sequential and
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codeposited) functionalized nanofiber surface are displayed along with their average size
and standard deviation (n = 100).
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Figure 3.
XPS spectra of cellulose, PDA, and polyMPC/PDA (sequential and codeposited)

functionalized nanofiber mats including (A) survey scans and (B) high resolution scans of
Pp and (C) Nys as a function of electron binding energy.
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Figure 4.

(A) Pure water flux and (B) flux recovery ratio (FRR) of free-standing cellulose, PDA, and
polyMPC/PDA (sequential and codeposited) functionalized nanofiber mats. Error bars
denote standard error and one asterisk (*) denotes P < 0.01 significance between samples.
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Cellulose PDA
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Quantification of the area coverage of (A) S. aureusand (B) E. coli on the cellulose, PDA,
and polyMPC/PDA (sequential and codeposited) functionalized nanofiber mats.

Representative florescent micrographs (366964 um?) are also provided and a 50 um scale
bar is displayed. Error bars denote standard error and two asterisks (**) denotes P < 0.001

significance between samples.
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