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Abstract: Recent efforts aimed at minimizing membrane fouling have emphasized
an increasing demand for on-line monitoring in an effort to accurately predict
membrane performance. The development of an in-situ bacterial monitoring sys-
tem that is integrated within the membrane can meet that need. Because the target
is bacterial monitoring, organic matter fouling must be controlled to avoid inter-
ference/masking of bacterial sensing as well as to prevent permeability loses.
Combining bacterial monitoring with a membrane designed for fouling control
is a novel and unique concept. We have produced a fouling-resistant membrane
by attaching a stimuli-responsive polymer film on the surface, which offers the
potential to collapse or expand the polymer film. A temperature decrease can
cause the film to expand into a hydrophilic state while a temperature increase
causes a collapse into a hydrophobic state. By continuously triggering the phase
transition, the non-equilibrium movement of the polymer film may offer better
protection of the surface than at equilibrium. Increasing temperature to collapse
the film and immediately decreasing temperature to expand it would create a
sweeping motion at the molecular (nanometer) level along the surface. The sur-
face of a cellulose acetate membrane was grafted with a thermally responsive
hydroxypropyl cellulose (HPC) film layer. Aqueous solutions of HPC possess a
lower critical solution temperature of approximately 40°C (while cross-linked
structures had an LCST of 46°C): above this temperature the solution phase
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separates. When attached to the membrane surface, the film layer collapses upon
increasing the temperature above the phase transition temperature and expands
away from the surface when cooled. Biorecognition molecules targeting selected
bacteria were covalently bound to specific moities originating from the polymer
film for in situ detection. Typically, the biological recognition component consists
of enzymes, receptors, nucleic acids, or antibodies specific to biological markers.
In this proof-of-concept study, antibodies were used due to their simplicity,
proven efficacy, and rapid response.

Keywords: antibodies, biorecognition, fouling, HPC, Membranes, stimuli-
responsive polymers, ultrafiltration

INTRODUCTION

Membranes typically consist of a porous support layer, which provides
mechanical strength and stability, and which is covered by a thin selective
layer, responsible for providing the membrane with separation capabil-
ities (44). Membranes are capable of separating species as a function of
their physical and chemical properties when a driving force is applied
(33), and they enable filtration for removal of colloids, cells, and mole-
cules. This has stimulated polymer synthesis toward an improved design
of membranes for an advanced level of performance. The fundamental
understanding and technological improvement of membranes are major
objectives in recent membrane science.

The thin selective layer, or skin, has surface functional groups such as
carboxyl and amine that affect separations properties and can be used for
further modification (7,10). Recent endeavors using PEG have been able
to create a more hydrophilic surface to prevent biofouling by reducing
hydrophobic interactions. (6) Membranes are manufactured from a vari-
ety of materials, such as cellulose acetate (CA), cellulose diacetate
(CDA), cellulose triacetate, polyamide (PA), other aromatic polyamides,
polyetheramides, polyetheramines, and polyetherurea; also, thin-film
composite (TFC) membranes may be made from a variety of polymers
consisting of several different materials for the substrate, the thin film
and other functional layers.

Membrane replacement due to fouling is the single largest operating
cost when membranes are used in water separation applications (48,11),
and, thus, the greatest hindrance to the widespread use of membranes.
Fouling (the irreversible (adhesive) macromolecular adsorption) refers
to specific intermolecular interactions between macrosolutes present
in the feed water and the membrane that occur even in the absence of
filtration. These materials on the membrane surface, which cannot be
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removed by cross-flow operation, backflushing, or backpulsing, result in
permanent flux decline and lead to fouling. Many researchers agree that
organic matter is considered a major contributor to abiotic membrane
fouling in water separation applications (7,12,13,20,21,35,37,38,47).

The presence of microorganisms in feed water can further exacerbate
fouling due to the accumulation of microorganisms onto the membrane
surface and on the feed spacer between the envelopes, or biofouling.
Microorganisms transported to the membrane element can attach to
the feed side of the membrane and the spacer. Attachment depends on
Van der Waals forces, hydrophobic interactions, and electrostatic inter-
actions between the microorganisms and the surface. Biofouling control
has been attempted via biocide additions; however, while a biocide may
kill the biofilm organisms, it usually will not remove the biofouling layer
(15), and may cause bacteria that survive disinfection to potentially
become more resistant (2). Therefore, bacterial detection is essential in
determining biofouling potential.

In situ detection of bacteria in membrane-based water treatment
systems is critical since biofouling can significantly impact membrane
efficiency. Moreover, there is a keen interest in tracking and eliminating
potential pathogens in these systems. With very few exceptions, techni-
ques for specific detection of bacteria in aqueous systems are based on
membrane filtration followed by culturing and phylogenetic or functional
analysis. Direct detection strategies, which eliminate the bias introduced
in culture-based methods, are gaining in popularity. Biorecognition mole-
cules have been designed and routinely used to label characteristic arti-
facts (e.g., exocellular proteins, fatty acids) and genomic material (e.g.,
nucleic acids). Methods based on the detection of antibodies against
microbial specific exocellular proteins (antigens) are characterized by
their simplicity, rapid response, and financial viability (25).

The work presented here produced a novel fouling-resistant mem-
brane by attaching a stimuli-responsive polymer film (hydroxypropyl cel-
lulose) on the surface, which offers the potential to collapse or expand the
polymer film. The phase change arose from the existence of a lower cri-
tical solution temperature (LCST) such that the polymer precipitates
from solution as the temperature was increased. This capability was
exploited to control adsorption/desorption (28). A temperature decrease
caused the film to expand into a hydrophilic state while a temperature
increase caused a collapse into a hydrophobic state. Protein adsorption
is reduced in the expanded, hydrophilic state relative to the collapsed,
hydrophobic state. We then used the polymer film to act as the support
medium for bacterial sensing (Fig. 1). To our knowledge, this is the first
application of conjugated polymers attached to membranes for bacterial
sensing.
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Figure 1. Stimuli-responsive polymer film acting as the support medium for bac-
terial sensing.

BACKGROUND
Membrane Post Synthesis Modifications

An intensive area of research to produce fouling-resistant membranes is
through post-synthesis surface modifications, which include the modification
of existing membranes. Modification methods that have been investigated
include ion beam irradiation (18,30), plasma treatment or grafting (46,17),
UV induced grafting (49,8,9,32), chemical sulfone enrichment (39), chemical
dehydroflurination by alkaline solution (5), grafting with pH- and ionic
strength-sensitive polymeric brushes (23,24), y irradiation induced grafting
(19), physical adsorption of water soluble polymers (26), formation of
Langmuir-Blodgett films (29), and thermal grafting of a hydrophilic poly-
meric surface coating (40). Biocides such as silver nanoparticles may kill bac-
teria, but the remains of the bacteria are still present on the surface (41).
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Biorecognition Molecule

In an effort to develop sensors that are rapid, portable, and sensitive,
biosensors have frequently been applied for the detection of organic
and biological molecules (25,42,36). Most rapid detection assays are
affinity-based, where organism-specific biomolecules, such asartifacts (e.g.,
exocellular proteins, fatty acid composition) or genomic material (e.g.,
DNA, rRNA) are targeted. Immunochemical assays, which rely on
antibody (Ab) affinity to target analytes, are arguably the most frequ-
ently used biosensors due to their simplicity, rapid response, and financial
viability (25,22). Species-specific antibodies specific to cell surface
antigens are applied to environmental samples in conjunction with a
fluorescent reporting system, resulting in a fluorescent signal from lab-
eled cells. Antibody-based approaches are commonly used to detect
Cryptosporidium oocysts and Giardia cysts in treated and untreated
drinking water (46). Infectious rotaviruses have been detected in source
waters by indirect immunofluorescence (1).

For application, antibodies (Ab) can be immobilized on surfaces
for immunocapture of target bacterial species and subsequent separa-
tion of the target species from complex water samples (i.e. process
water). Previously, support media for antibody-based sensors have
included the surfaces of magnetic beads, microplates, and glass slides,
and their applications have included natural waters and sediments
(34,3,31,14,16).

EXPERIMENTAL
Chemical and Membrane Information

While the overarching goal of this work was to develop fouling resis-
tant layers with sensing capabilities for membrane systems, this work
focused on detailed synthesis and characterization of individual compo-
nents for a model membrane system (cellulose acetate). Experimentally,
the surface of an ultrafiltration (UF) cellulose acetate (CA) membrane
(molecular weight cutoff of 20,000 Da, manufactured by GE Osmonics,
Minnetonka, MN) was grafted with a nano-sized thermally responsive
film layer of HPC.

The divinyl sulfone (DVS, purity >98%), hydroxypropyl cellulose
(HPC, MW of 100,000) and carbodiimide (commercial grade) were pur-
chased from Sigma Aldrich, All other chemicals were purchased from
Fisher Scientific.
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Develop Methods to Systematically Modify the Membrane Surface
with a Stimuli Responsive Film at Controlled Concentrations

Free standing crosslinking of HPC with Divinyl Sulfone (DVS) can be
formed for LCST or general tests as needed. The results for free standing
gels were compared to those for the modified membranes. The reaction
with either CA or HPC occurs by addition of vinyl group of DVS to
OH group of cellulose as shown in the following reaction where the vinyl
groups open up and the R groups connect to the carbon of the DVS via
the oxygen atom. The hydrogen from the hydroxyl group transfers the
the carbon connected to the sulfur (27,4):

RE,?H + CH, = CHSO,CH = CH, + OH—Rpypc
— Rca —OCH,CH,S0,CH,CH, —O—Rype

When used to crosslink HPC and other cellulose ethers in isotropic
aqueous solutions, DVS forms gels at pH 12 in less than an hour. These
results suggested that it is possible to crosslink HPC with DVS fast
enough by keeping the pH of the mixture high. This chemistry was mod-
ified to allow for modification of the cellulose acetate membranes as
described below.

A “grafting to” approach was used to modify the membranes (Fig. 2).
Prior surface modifications were with “‘grafting from” which involves
building the film from the membrane up, which makes more linear poly-
mer structures. “Grafting to” involves making the polymer structures for
the film first and then attaching it to the surface. This was done by mak-
ing a loosely cross-linked solution of the polymer, which allows for
“branch assembly” on the individual structures. The branched assemblies
were then attached to the membrane surface via DVS linkages. This was
done by attaching DVS to the CA surface and then exposing the surface
to the loosely cross-linked solution. The modified membrane was allowed

w5y 0¥

Figure 2. Membrane modification procedure: (a) Loose monomer in solution; (b)
Moderately cross-linked polymer; (c) Film reacts to free radical sites on the mem-
brane surface; and (d) Bacterial sensors attached to film.



09: 07 25 January 2011

Downl oaded At:

4062 C. Gorey et al.

to react for 48 hours and then soaked and rinsed repeatedly over several
days to remove any unattached material. The long duration for reacting
was because with this method, the high pH would make the membranes
very brittle. Lower pH of 10 with longer reaction times offer the same
results as with a pH of 12.

Characterize Chemical Structure, Microstructure and Thermal
Responsiveness of HPC Membranes

e ATR-FTIR was used to probe the evolution in chemical structure of
the covalently bound polymer film and CA surface that constitutes
the surface of the membrane. FTIR uses measurements of vibrational
spectra to identify the chemical structure of materials. The ATR
attachment allowed measurement on the top surface layer of mem-
brane. Measurements were performed using a Digilab UMA 600
FT-IT microscope with a Pike HATR adapter and an Excalibur
FTS 400 spectrometer. Scans with iterations of 256 were done in the
range to 700cm ™' to 4000 cm .

e Atomic force microscopy (AFM) was used to monitor the surface mor-
phology as a function of temperature. AFM provides an easy and fast
method to observe the surface structure of a wide range of materials.
AFM allows acquiring 3D topographic data with a high vertical reso-
lution. Accurate and quantitative data about surface morphology are
provided over a wide range of magnifications and can be used in sev-
eral quantitative analysis approaches such as section, bearing, and
roughness analysis. This device works due to the atomic force interac-
tions that exist between the surface being scanned and the tip. The tip
moves up and down with the changing topography, thereby flexing the
cantilever it is attached to. A laser focused at the head of the cantilever
has its light reflected into the data processing unit for the user to image
on a screen and interact with. This particular cell that holds the tip has
aqueous capabilities which provide the ability to complete AFM mea-
surements in relatively cold and hot aqueous environments. AFM
measurements were performed using a Nanoscope I11a Scanning Probe
Microscopy in the Department of Chemical Engineering at the
University of Toledo.

Sensor Development and Testing

Bacterial culture Mycobacterium parafortuitum (#19688) was ordered
from American Type Culture Collection (ATCC). The culture was grown
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at 37°C on Lowenstein-Jenson solid media (BD 220908, BD) and in
MiddleBrook 7H9 broth (#R061346, Remel Inc, KS).

A model biorecognition molecule (i.e. antibody) was selected for
attachment to the membrane and subsequent immobilization of myco-
bacteria for detection. The primary polyclonal antibody (rabbit anti-
mycobacterium IgG #6398-0006, Biogenesis, NH) was selected for this
work (50). Fragments of goat anti-rabbit IgG (H +L) antibodies with
a fluorescent tag (Alexa Fluor™ 594) were used as secondary antibody
for verification of primary Ab attachment to the modified membrane sur-
face. Secondary antibodies (Ab) were obtained from Invitrogen™
(#A11072, Invitrogen Corporation, IL).

A 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was cho-
sen to attach the antibody to the surface bound HPC. The reaction chem-
istry is shown below:

Rca —OCH,CH,SO,CH,CH; —O—Rypc
—OH + carbodiimide (CH3;CH,N = C—NCH,CH,CH,N(CHj3),
+antibody(HOOC — R niibody)=HPC —antibody

Specifically, the carbodiimide is a zero-length linker that facilitates
the reaction between hydroxyl groups (i.e. the film) and carboxyl groups
(i.e. the antibody). For this reaction, the carbodiimide was dissolved in a
buffer solution, applied to the membrane, and placed in the antibody
(Ab) solution. FTIR with ATR was used to monitor the membrane fol-
lowing each reaction step.

Mycobacteria species were targeted in this research as a potential bio-
fouling agent. The recovery of target microorganisms (1 x 105 to 1 x 107
cells) on the smart membrane was evaluated using a modified protocol
(50). The primary antibody (polyclonal antibody 9.7 mg/ml Biogenesis,
USA) was chemically attached (1:1000 by volume) to the HPC-
nanostructured membrane (8% by wt.), resulting in the smart membrane.
The smart membranes (25 mm dia.) were manipulated in 6-well cell cul-
ture plates. Visual verification of primary antibody binding was achieved
by adding fluorophore labeled secondary antibody (Leinco, USA) at
varying dilutions (1:10 to 1:200) and incubated for 30 min at room tempe-
rature. Secondary antibody recovery, validated by fluorescence, sugges-
ted a primary antibody presence on the surface of the smart membrane.
2uL of a DNA intercalating stain (Picogreen®™, Invitrogen, Chicago, IL)
was added and incubated for Smin to detect bound bacteria. Samples
were processed on a fluorescent microscope (1000X). Up to 20 fields
(minimum 200 cells) were counted for each sample. Control samples
for this experiment included: unmodified membrane, membrane modified
with HPC only, and antibody-HPC modified membrane without
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microorganisms. Non-specific binding of mycobacteria to the unmodified
membrane and the membrane modified with HPC was negligible (less
than 1 per field on average).

RESULTS AND DISCUSSION

The project goal was to determine the viability of the novel idea of com-
bining a stimuli responsive film on a membrane for fouling resistance
with a biosensor component to detect potential biofouling species. There
were four main goals of this work:

1. develop chemistries to bind HPC to the membrane surface

2. determine if the lower solution critical temperature of the HPC was
maintained

3. demonstrate covalent binding of a model biorecognition molecule
(antibody) to the film moities on the membrane surface and

4. demonstrate that the antibody-HPC modified membrane can immobi-
lize the target organism.

Formation of Stimuli Responsive Film on Membrane Surface

The membrane used for the preliminary work was a hydrophilic cellulose
acetate (CA) ultrafiltration membrane with a molecular weight cutoff
(MWCO) of 20,000 Daltons. The membrane surface was modified with
the polymer film, hydroxypropyl cellulose (HPC) via a divinylsulfone
spacer (DVS). The first primary task of the project was to confirm this
functionalization and verify if the HPC LCST would remain near 46°C
when it is attached to the membrane. This differs from the aforementioned
40°C because that was dealing with free HPC monomer in solution. The
46°C comes from our LCST determinations of DVS cross-linked gels.

As an initial step, crosslinked gels of DVS and HPC were produced.
While the DVS acts as a linker molecule between the membrane surface
and the HPC film in the system of interest, it is used initially as a cross-
linker to form bulk free standing gels of HPC. These were used to deter-
mine the LCST of the bulk cross-linked gels to analyze impact of DVS on
LCST of the HPC. Figure 3 shows the weight loss of the gel in the ordi-
nate and indicates that there is a distinct LCST at 46°C for the hydrogels
irrespective of initial HPC concentration (shown both a 9% and a 10%
HPC composition).

The next step was to functionalize the CA membrane with HPC via
the DVS spacer and characterize the HPC-modified membrane using
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Figure 3. Distinct LCST at 46°C for the hydrogels irrespective of initial HPC
concentration (shown both a 9% and a 10% HPC composition).

FTIR (Fig. 4a). Since the structure of HPC and the CA are very similar,
modification was verified using FTIR analysis of the peak for the sulfonic
bond of DVS. The FTIR spectra shows the onset of peaks for SO, bond
in two locations at 1130 and 1315cm ™! following exposure of CA mem-
brane to DVS in NAOH solution for one hour followed by exposure to
HPC. Figure 4b shows the qualitative differences in peak heights of the
major peaks between the virgin membrane and the HPC modified mem-
brane. The peaks associated with DVS on the spectrum indicate that
what was anchored to the membrane was a crosslinked gel of HPC-
DVS. Thus, an increase in the peak intensities indicated qualitatively that
some of the gel material was deposited.

The subsequent stage was to show that the film bound to the mem-
brane was activated using temperature. To this end, atomic force micro-
scopy (AFM) was used to determine the roughness of the membranes in
presence of solutions of varying temperatures. As shown in Fig. 5, the
unmodified membrane displayed a roughness of 2.242 nm and 4.245nm
at 25°C and 60°C, respectively. The negligible difference between the cold
and hot temperature measurements indicates that temperature had no
effect on the unmodified membrane. On the other hand, the HPC modi-
fied membrane displayed a roughness of 8.398 nm at 25°C and 0.915nm
at 60°C. The difference in roughness demonstrated that the HPC-modified
membrane could be activated by temperature. The increase in roughness
at the cold temperature was attributed to the extension of the surface
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FTIR Spectrum of Modified vs Unmodified Membranes
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Figure 4. (a) Characterization of the HPC-modified cellulose acetate membrane
using FTIR; (b) Comparison of peaks between virgin membrane and HPC mod-
ified membrane.

attached film. The significant decrease in roughness at 60°C shows that
the film collapses at high temperatures (i.e. in its hydrophobic stage).
The images were taken on the same locations for the different membranes
at the high and low temperatures. Scan rates may vary because depending
on certain conditions, one would obtain clearer images with slower
scan rates.

Figure 6 shows a comparison of the flux declines for the unmodified
and modified membranes. It is important to note that the higher flux
values observed at the high temperature experiments were due to the
decrease in water viscosity as a function of temperature. The feed solu-
tion filtered was a high fouling solution as it contained hydrophobic
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Figure 5. AFM images used to determine the roughness of the unmodified and
modified membranes.

organic matter (in the form of humic and fulvic acids). Therefore, the
solution was expected to foul the membrane more, as observed by a
decline in flux. Under constant cold operation, the initial and final fluxes
for the unmodified membrane were 119.42 L/m*h and 100.43L/m*-h

Unmod and "Grafting To" Flux Comparison
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Figure 6. Flux comparison of Virgin membrane and modified membrane with a
humic solution to create fouling.
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(a 15.9% decrease), while for the modified membrane, the initial and final
fluxes were 93.39 L/m?-h and 90.80 L/m*h (a 2.78% decrease). Under
constant hot operation, the initial and final fluxes for the unmodified
membrane were 184.70 L/m*h and 163.20L/m?h, which was a
11.64% decrease. On the other hand, for the modified membrane, hot
operation led to initial and final fluxes of 179.43L/m”*h and
170.60 L/mz-h (a 4.92% decrease). Lastly, under cold/hot oscillations,
the initial and final fluxes for the unmodified membrane were 129.30
L/m”h and 119.68 L/m*h, or a 7.44% decrease in flux, while for the
modified membrane, these were 129.47L/m?h and 122.32L/m*h (a
5.52% decrease). Therefore, under all conditions, the modified membrane
showed a lower flux decline than the unmodified membrane. Further, the
advantage of the cycling of hot/cold was essentially that higher flux
values were maintained for the modified membrane.

Attachment of Model Biorecognition Molecule

A model biorecognition molecule (i.e. antibody) was attached to the
membrane and to verify the ability of the membrane-based sensor to
detect bacteria. While a number of chemistries are available to attach
the antibody the surface bound HPC, a carbodiimide was chosen. Four-
ier transform infrared spectroscopy was used to monitor the membrane

FTIR Analysis
0.2
0.15
—— no additional modification
§ — Antibody+EDC+Buffer
E 0.1
°
7]
e}
<
0.05
" M
-0.05

700 950 1200 1450 1700 1950 2200 2450 2700 2950 3200 3450 3700 3950

Wavenumber, cm”-1

Figure 7. Characterization of the HPC-modified cellulose acetate membrane with
the attached antibody using FTIR.
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following each reaction step. The only peak that was affected was at

2129 cm ™! (Fig. 7) and is the C=N=C peak. Other peaks from the carbo-

diimide were not detectable because of peaks already present from the

membrane. Since the carbodiimide is acting as a zero-length linker, we

hypothesize that the appearance of the peak at 2129cm ™" is due to the

film binding to the antibody. This is the known method of attachment:
Modified Membrane + carbodiimide + antibody:

1. antibody + carbodiimide (CH;CH,N=C=NCH,CH,CH,N(CH3), or
RN=C=NR’) — activated antibody

(0]
H IH
RN=C=NR’ + HOOC-Raibosy — RN=C-NR’ — RN-C-N-R’
| |
o) Rantibody'c=o
|
C=0 Stable form

|
Rantibody
Unstable form
2. activated unstable antibody + modified membrane (Rca—OCH,CH,.
802CH2CH2*O*RHPC*OH or RHPC—Memb'OH):

O
Il

Rupc-Memb~-O-C-Rantibody

In addition, fluorescently-labeled secondary antibody was added to the
antibody-HPC modified membrane and an unmodified membrane for
comparison. It was determined that primary antibodies were immobilized
on the antibody-HPC modified membrane and were available for binding
since approximately 4 x 10° fluorescently-labeled secondary antibodies
remained on the membrane.

Mycobacteria Detection with Antibody-HPC Modified Membrane

The antibody-HPC modified membrane was tested for its ability to bind
mycobacteria. After multiple experiments (n =9 membranes) with a range
of initial mycobacteria concentrations (1 x 10° to 1 x 107/mL), 5-15%
were recovered on the antibody-HPC modified membrane surface
(Fig. 8). The recovery efficiency was not influenced by incubation time
or intitial concentration. However, it is anticipated that an increase in
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Figure 8. Mycobacteria were captured on the surface of antibody-HPC modified
membrane (1000X).

the amount of primary antibody bound to the membrane surface will
result in increased recovery efficiency.

CONCLUSIONS

The project produced a fouling-resistant membrane by attaching a sti-
muli-responsive polymer film on the surface. A temperature decrease
caused the film to expand into a hydrophilic state while a temperature
increase caused a collapse into a hydrophobic state. By continuously trig-
gering the phase transition, the non-equilibrium movement of the poly-
mer film may offer better protection of the surface than at equilibrium.
The surface of a cellulose acetate membrane was grafted with a thermally
responsive hydroxypropyl cellulose (HPC) film layer. Aqueous solutions
of HPC possessed a lower critical solution temperature of approximately
40°C (while cross-linked structures had an LCST of 46°C): above this
temperature the solution phase separated. Biorecognition molecules tar-
geting selected bacteria were covalently bounded to the end of polymer
film for in situ detection.

The membrane modification/sensing technique developed stronger
membranes capable of withstanding harsh raw water quality conditions
without losing their reliability in producing a high quality safe product.
Although the research outlined in this paper addresses detection of bio-
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logical contaminants in water systems, the sensor developed from this
work can be adapted to address a range of national and international
environmental concerns.
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