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Overall Project Outcome and Results

This project contributed novel membrane materials for water treatment, as well as new fundamental
understanding of graphene oxide surface coatings that show potential in membranes for water purification. The
materials explored in this work could find application in the treatment of surface water in Minnesota. An
account of our work is provided in the Research Addendum that accompanies this workplan, as well as in our
recent publication (Environ. Sci. Technol. Lett., 2018, 5 (1), pp 14-19). In summary, our work showed that
graphene oxide coatings, covalently tethered to ultrafiltration membranes, inactivate bacteria and thus prevent
membrane biofouling. Our work further showed that the nanoscale morphology of GO surface coatings affects
membrane interfacial properties; we demonstrated that randomly oriented GO nanosheets are more desirable
for membrane applications, since bacteria are less prone to adhere to disordered GO.

Project Results Use and Dissemination

Additional outcomes of this project were promotion of Minnesota’s human capital through training of
postdoctoral, graduate and undergraduate students (1 postdoc, 2 graduate and one undergraduate student
were supported at various points of the project), a M. S. degree to be completed by one of the graduate
students supported by the project (expected completion in early 2019), a conference presentation at the 2017
AEESP Research and Education Conference (presented by the postdoc supported by the project), a recent
publication in Environmental Science & Technology Letters, a premier environmental engineering peer-reviewed
journal, and a further manuscript currently under preparation.

In addition, the PM presented three oral presentations reporting the research funded by this project: a
conference presentation at the ACS National Meeting in New Orleans on March 18™, 2018 (“Bacterial Adhesion
on Surfaces Functionalized with Graphene Oxide: Insights from Single-Cell Force Spectroscopy”); and two invited
seminars at the Department of Physics at Hamline University on April 6%, 2018 (“Computational and
Experimental Studies of Aqueous Interfaces”) and at the Department of Chemical Engineering at University
College London on May 9%, 2018 (“Understanding Microbial Adhesion to Aqueous Interfaces using Single-Cell
Force Spectroscopy”).
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Appropriation Language:

$151,000 the second year is from the trust fund to the Board of Regents of the University of Minnesota to develop
a filtration system utilizing bioactive membrane technologies for use in treating Lake Superior ballast water to
remove at least 90 percent of suspended pathogens, invasive species, and contaminants. This appropriation is
subject to Minnesota Statutes, section 116P.10. This appropriation is available until June 30, 2019, by which time
the project must be completed and final products delivered.



I. PROJECT TITLE: Developing a Membrane Filtration System to Treat Lake Superior Ballast Water

Il. PROJECT STATEMENT: The proliferation of invasive species introduced by ballast water discharge is a major
threat to marine ecosystems in Minnesota. In the Port of Duluth the discharge of ballast water introduces invasive
species of phyto- and zooplankton, bacteria, mollusks and their eggs and larvae; because of their remarkable
adaptability, these organisms threaten the biodiversity and disrupt the ecological balance of their new
environment. Processes aimed at minimizing the impact of invasive organisms in ballast waters, such as mid-ocean
exchange, fail to remove all organisms, while disinfection-based technologies are costly and may produce toxic
disinfection byproducts. Membrane filters, in which a polymer film with small pores allows the separation of water
from suspended particulates, has shown promise for treatment of wastewaters. In this project, we aim to provide
a proof-of-concept demonstration of membrane microfiltration (MF) as a ballast water treatment technology. The
proposed effort is structured along two main goals:

e Phase 1: we will develop microfiltration membranes functionalized with graphene oxide, a hydrophilic
and bactericidal nanomaterial that will result in a biofouling resistant MF membrane. Our goal is to
develop membranes capable of removing >90% of microorganisms and the larvae of invasive species in
surface waters sampled in the Port of Duluth-Superior.

e Phase 2: we will develop a pilot-scale unit with a capacity of ~600 gal/day to treat ballast water.

I1l. OVERALL PROJECT STATUS UPDATES:

Amendment request (9/29/2016)

This amendment affects activities 1 and 2.

As initially budgeted, this project included support for a graduate student research assistant (RA) for 2 years,
including stipend, tuition, and fringe benefits. A graduate researcher with the required skill set for the project
could not be found, leading the project manager (PM) to hire a qualified postdoctoral research associate, with
experience in membrane science, who would be compensated at $36,000 per annum plus fringe benefits
(20.1%). In compliance with the Department of Labor’s increase of minimum salaries, the University of
Minnesota is requiring a salary floor increase for all postdocs to the new minimum of $47,476 per annum (plus
fringe benefits at 20.1%). The new minimum salary is effective for all start dates on or after November 14,
2016; this is the likely start date of the postdoc. As a consequence of the salary increase, the PM requests a
budget amendment to support the postdoc at the new minimum salary. Specifically, the PM requests that
$18,000 be transferred from “Equipment/tools/supplies/services” to personnel. This will increase the personnel
support allocation by $18,000 from $87,395 to $105,395, providing 21 months of support for the postdoc at the
new minimum salary. The PM is confident that the postdoc hired for the project will perform at a very high level,
and will make more progress in 21 months than a graduate RA would in 24 months. The PM will seek other
sources of funds (e.g., NOAA, MN DNR, US EPA) to support the postdoc for the additional 3 months of salary
initially budgeted for the project.

To cover the additional personnel costs, the PM requests $18,000 be transferred from the category
“Equipment/tools/supplies/services” to “Personnel”. The PM expects that the amendment will have little to no
impact on the project outcomes, due to the relatively inexpensive reagents that will be used for membrane
fabrication. The membranes will be fabricated from commercially available polymers such as polysulfone
(50.67/gram) and polyvinylidene fluoride (50.94 per gram). The cost of each fabricated membrane ranges from
S1to $2 per membrane, including the price of the solvent. The remaining available funds for chemicals and
supplies after the proposed re-budgeting, $10,105, suffices to complete the experiments in Activity 1. The PM
will contribute $3,000 from discretionary funds (included in the original “Equipment/tools/supplies/services”
allocation) to cover the “services” budget category. A cost-share account will be set up for this purpose.

Amendment approved by LCCMR on 10/5/16



Amendment request (5/18/2017)

An experienced graduate student research assistant (RA) will replace the postdoctoral (PD) associate beginning
on May 29th, 2017. The project manager (PM) requests that the PD support be changed to RA, in support of the
RA’s tuition, salary and fringe benefits through summer 2018 (15 months). The balance remaining for PD salary
and fringe benefits is $74,693. RA support for the proposed 15 months is $52,272. The PM requests that the
difference (522,421) be added to the “Equipment/Tools/Supplies” category (split into $11,210 in Activity 1, and
$11,211in Activity 2). These funds will be used for the purchase of reagents and laboratory consumables including
polymers for membrane fabrication (polysulfone, polyethersulfone, pvdf), solvents for membrane fabrication
(NMP, DMF, acetone, isopropanol), reagents to synthesize graphene oxide and other non-stick coatings, hollow
fibers and chemicals to modify hollow fiber membranes, foulants (humic acids, proteins, polysaccharides),
supplies for membrane characterization (SEM and AFM sample holders and AFM probes), and analytical
equipment user fees.

Amendment approved by LCCMR 6/22/2017

Amendment request (2/15/2018)

In the 1/20/2018 Project Status Update, it was noted that $1965 of the funds for graduate student support from
activity 2 were transferred to activity 1, because the salary was slightly overspent for activity 1. The PM requests
that this amendment be retroactively approved.

Amendment approved by LCCMR on 2/28/2018

Amendment request (6/30/2018)

The project manager (PM) will be resigning from his position on the faculty at the University of Minnesota on
September 30", 2018. On consultation with Becca Nash, LCCMR director, it was recommended that the project
completion date be changed to September 30™", 2018, upon which a final report will be submitted with the project
findings. Further, it was recommended that student support be terminated at the end of the summer term (August
26%™, 2018); this will allow the two students funded by this project (one part-time graduate student and one part-
time undergraduate student) to complete their research and submit relevant findings for publication. To reflect
the changes to the project duration, the PM requests that the project completion date be changed to September
30%™, 2018. Further, given that an alternate project manager could not be found, the PM requests that Activity 2
be removed from the project. Further, the PM requests that the funds for graduate student support in Activity 1
be increased from $40,005 to $64,254 by transferring $24,249 from Activity 2 (this figure includes $17,739 spent
in salary and fringe benefits since 1/30/18, plus $6,510 to fund the undergraduate and graduate student through
the end of the summer term, i.e., August 26™, 2018). By continuing funding through the end of the summer, the
graduate student currently working on the project will finish the characterization of biofouling propensity of the
membranes, thus completing Activity 1. It should be noted that funds for graduate student support allocated for
Activity 1 were overspent (hence the request for transfer of $17,139 from Activity 2) due to this activity falling
behind schedule, which resulted in the experiments to complete activity 1 extending through the spring and
summer semester, i.e., well past the initially projected completion date of January 31st, 2018. The experimental
challenges that led to slow progress in Activity 1 have since been overcome, and this activity will be completed by
the end of the summer.

Amendment Approved by LCCMR 8/2/2018.

Project Status as of January 30, 2017:

Work on activity 1 began in the fall of 2016. Progress has been made in training of the postdoctoral associate
and preliminary fabrication and characterization of membrane materials for ballast water filtration, as explained
below.



Project Status as of June 30, 2017: Work on Activity 1 continued. UF membranes and graphene oxide
nanomaterials have been synthesized and characterized. Further synthesis and testing of the membrane
materials and antifouling coatings is currently underway.

Project Status as of January 30, 2018: Significant progress towards completing Activity 1 has been made. A
method to modify UF membranes with graphene oxide was developed. Characterization of the biofouling
propensity of graphene oxide coatings was carried out, using bacterial adhesion measurements. Results from
this project component were reported in a conference presentation (2017 AIChE National Meeting), and one
journal publication. Details are provided in the Dissemination section. Expenses in the accompanying
spreadsheet are through 12/31/2017. Please note that $1965 of the funds for graduate student support from
activity 2 were transferred to activity 1, because the salary was slightly overspent for activity 1.

Project Status as of June 30, 2018:

The properties of membranes functionalized with graphene oxide (GO), a biocidal nanomaterial, are currently
being evaluated. Results from this project were reported in a conference presentation and two invited seminars.
Details are provided in the Dissemination section.

Project Status as of January 30, 2019:
Overall Project Outcomes and Results:

This project contributed novel membrane materials for water treatment, as well as new fundamental
understanding of graphene oxide surface coatings that show potential in membranes for water purification. The
materials explored in this work could find application in the treatment of surface water in Minnesota. An
account of our work is provided in the Research Addendum that accompanies this workplan, as well as in our
recent publication (Environ. Sci. Technol. Lett., 2018, 5 (1), pp 14-19). In summary, our work showed that
graphene oxide coatings, covalently tethered to ultrafiltration membranes, inactivate bacteria and thus prevent
membrane biofouling. Our work further showed that the nanoscale morphology of GO surface coatings affects
membrane interfacial properties; we demonstrated that randomly oriented GO nanosheets are more desirable
for membrane applications, since bacteria are less prone to adhere to disordered GO.

Additional outcomes of this project were promotion of Minnesota’s human capital through training of
postdoctoral, graduate and undergraduate students (1 postdoc, 2 graduate and one undergraduate student
were supported at various points of the project), a M. S. degree to be completed by one of the graduate
students supported by the project (expected completion in early 2019), a conference presentation at the 2017
AEESP Research and Education Conference (presented by the postdoc supported by the project), a recent
publication in Environmental Science & Technology Letters, a premier environmental engineering peer-reviewed
journal, and a further manuscript currently under preparation.

In addition, the PM presented three oral presentations reporting the research funded by this project: a
conference presentation at the ACS National Meeting in New Orleans on March 18™, 2018 (“Bacterial Adhesion
on Surfaces Functionalized with Graphene Oxide: Insights from Single-Cell Force Spectroscopy”); and two invited
seminars at the Department of Physics at Hamline University on April 6%, 2018 (“Computational and
Experimental Studies of Aqueous Interfaces”) and at the Department of Chemical Engineering at University
College London on May 9%, 2018 (“Understanding Microbial Adhesion to Aqueous Interfaces using Single-Cell
Force Spectroscopy”).

Note: the student salary budget in activity 1 was slightly overspent by $1,458; to make up for this shortfall,
$1458 were moved from the student support budget of activity 2 to activity 1.



IV. PROJECT ACTIVITIES AND OUTCOMES:

ACTIVITY 1: Development of low-fouling MF membranes showing complete microorganism removal. The first
expected outcome of our investigation is a novel MF membrane with improved resistance toward organic fouling
and biofouling (i.e., the clogging of membrane pores by dissolved and suspended contaminants, particles and
microbes). A hydrophilic, bactericidal nanomaterial known as graphene oxide will be deposited on the membrane
to create a fouling- and biofouling-resistant coating on the membrane surface. The benefits of operation with the
GO-functionalized membranes (hereinafter designated GO-MF) include pumping energy savings and less frequent
membrane backwashing stages between filtration cycles; an added benefit is longer membrane useful life. Since
membrane replacement due to fouling or biofouling can amount to 50% of the operating costs of membrane
filtration, considerable savings could result from the materials herein proposed. We will aim to develop
membranes with a water permeability in excess of 1000 L m?2 h? bar?, showing complete removal of
microorganisms with sizes > 1 um.

Membranes will be fabricated via the phase inversion technique. MF membranes with pores < 1 um will be
prepared using poly(vinylidene fluoride) (PVDF). Surface functionalization of the MF membranes will be
accomplished using a wet adhesive known as polydopamine. Polydopamine creates an adhesive coating on the
PVDF surface for the robust attachment of graphene oxide nanosheets. The GO-MF membranes fabricated will be
tested in a bench-scale dead-end filtration cell (~5 cm? membrane area) to characterize their fouling and biofouling
propensity. Ballast waters and Lake Superior water will be used as feed in the fouling experiments. The objective
of these small-scale experiments is to identify the membrane fabrication conditions for optimal biofouling
resistance and microbe removal.

Summary Budget Information for Activity 1: ENRTF Budget: $87,027
Amount Spent: $67,862
Balance: $19,165

Outcome Completion Date
1. Personnel training, assembly of bench-scale setup January 31, 2017

2. GO synthesis and membranes fabricated June 30, 2017

3. Characterization of fouling resistance of GO-MF membranes January 31, 2018

Activity Status as of January 30, 2017:

The postdoctoral associate has been trained in the fabrication, characterization and testing of polymeric
microfiltration (MF) and ultrafiltration (UF) membranes. Preliminary membrane materials have been fabricated
using polysulfone and other additives such as polyvinylpyrrolidone. The postdoctoral associate has also been
trained in the use of various experimental techniques (electron microscopy, contact angle goniometry, zeta
potential, IR spectroscopy, and atomic force microscopy) to characterize membrane properties. Flux
measurements to obtain the membrane permeability coefficient are currently being performed in a filtration
system in the lab of the Pl. Work underway involves the modification of the surface of the membranes to confer
upon them anti-fouling and anti-microbial properties.

Activity Status as of June 30, 2017: Graphene oxide-based coatings have been characterized by AFM-based
force spectroscopy to evaluate their potential as antifouling coatings. A modification method to attach graphene
oxide nanosheets to polymeric membranes for ballast water treatment is currently development. This method
uses UV-assisted polymerization of acrylic acid to modify the membrane surface with chemical moieties that can
subsequently be used to attach graphene oxide nanosheets. The presence of acrylic acid was verified using FTIR



spectroscopy. The next steps include attachment of the graphene oxide sheets to the membrane using amine
coupling chemistry, and characterization of the fouling resistance of the GO-modified membranes.

Activity Status as of January 30, 2018: Using amine coupling chemistry, we have successfully modified UF
membranes with GO nanosheets. The presence of GO was confirmed by Raman spectroscopy, showing
successful functionalization of the membrane surface. The materials are currently being characterized by
electron microscopy and contact angle goniometry.

We have also completed and published a detailed investigation on GO-based coatings being used to improve
biofouling resistance. Our investigation found that GO sheet spatial orientation is an important design variable
in the fabrication of the GO-coatings. We found that bacterial adhesion is weaker (which is beneficial to fouling
resistance), when GO nanosheets are edge-tethered to the surface. Insights from this investigation are currently
being translated into the fabrication and modification of UF membranes.

Activity Status as of June 30, 2018: The UF membranes modified with graphene oxide (GO) have been
characterized in terms of contact angle goniometry, zeta potential, and water permeability. Preliminary
experiments show that the GO coating possesses antibacterial activity towards P. fluorescens, a biofilm-forming
organism that is common in surface waters. Further, we are characterizing the ability of the GO-functionalized
membranes using the techniques developed in our recent LCCMR-funded publication (Environ. Sci. Technol. Lett.
2018, 5, 14-19).

Final Report Summary: Ultrafiltration membranes functionalized with graphene oxide (GO) where devised,
functionalized in the laboratory, and thoroughly characterized by Raman and FTIR spectroscopy, zeta potential,
biocidal activity, contact angle, and single-cell force spectroscopy. Detailed experimental protocols are provided
in the research addendum that accompanies this workplan. The fabricated membranes show promise for
drinking and ballast water treatment given their biocidal activity (i.e., ability to inactivate biofilm-forming
bacteria; cf. Figure 6 of the report) and their hydrophilicity (cf. Figure 7 of the report). Ongoing work, supported
through non-LCCMR funds, will finalize the characterization of the adhesive properties of the various
membranes investigated, using SCFS; preliminary SCFS results are provided in Figures 12 and 13.

Activity 2: Development of a ~600 gal/day pilot-scale microfiltration unit for the treatment of ballast water. In
activity 2, a MF pilot-scale unit will be designed and constructed to demonstrate MF as a viable ballast water
treatment technology. PVDF hollow fiber membranes will be functionalized with graphene oxide following the
protocol developed in Activity 1. The pilot scale unit will consist of an immersed hollow fiber bundle operating in
outside-feed mode. Given that typical MF water fluxes are on the order of 1000 L m2h, and considering that the
membrane bundle surface area is typically on the order of 0.1 m? for pilot-scale units reported in the literature
(see Research Addendum), we expect to develop a filtration apparatus capable of processing 100 L/h = ~ 600
gal/day of ballast discharge.

The pilot-scale unit will be demonstrated with waters sampled from Port of Duluth. Permeate quality will be
analyzed by total organic carbon and dissolved organic carbon analyses, turbidity, and total suspended solids.
Considering that the pore size of the PVDF membranes that will be used in this work is < 1 um, we expect that the
MF pilot-scale unit will achieve >90% removal of suspended pathogens and microscopic larvae.

Summary Budget Information for Activity 2: ENRTF Budget: $63,973
Amount Spent: $0
Balance: $63,973

Outcome Completion Date
1. Pilot-scale construction June 30, 2018
2. Pilot-scale testing June 30, 2019




Activity status as of January 30, 2017: this activity has not begun
Activity status as of June 30, 2017: this activity has not begun
Activity status as of January 30, 2018: this activity has not begun

Activity Status as of June 30, 2018: no activity to report. Due to the circumstances discussed in the June 30,
2018 amendment request, this activity will not continue and the funds will be returned to the ENRTF after
project close-out.

V. DISSEMINATION:

Description: Results will be disseminated via publication in peer-reviewed journals such as The Journal of
Membrane Science, Water Research, and Environmental Science & Technology. Results will also be communicated
through oral and poster presentations at local, regional and national conferences on water technology.

Status as of January 30, 2017: no activity to report

Status as of June, 30 2017: an oral presentation was delivered by the postdoctoral associate executing the
project. The presentation reported on our characterization of the antifouling potential of graphene oxide-based
coatings. The talk was delivered on 6/21/17 at the 2017 AEESP Research & Education conference in Ann Arbor,
M.

Status as of January 30, 2018: an invited oral presentation was delivered by the Pl on cell adhesion to GO-based
coatings at the 1st Pan American Nanotechnology Conference in Guaruja, Brazil, on November 28, 2017. The title
of the talk was:
“The interaction of bacterial cells with model graphene oxide surfaces: insights from single-cell force
spectroscopy.”

In addition, the Pl delivered a talk on the same topic at the 2017 AIChE National Meeting in Minneapolis, on
October 31, 2017. The title of the talk was:

“Initial Adhesion of Bacterial Cells on Surfaces Functionalized with Graphene Oxide: Insights from AFM-Based
Single-Cell Force Spectroscopy.”

A publication on our findings regarding GO-functionalized interfaces recently appeared in Environmental Science
& Technology Letters. The complete reference is:

J. Xue, S. BinAhmed, Z. Wang, N. G. Karp, B. L. Stottrup, S. Romero-Vargas Castrillon, Bacterial adhesion to
graphene oxide (GO)-functionalized interfaces is determined by hydrophobicity and GO sheet spatial orientation,
Environ. Sci. Technol. Lett. 2018, 5, 14-19

DOI: 10.1021/acs.estlett.7b00509

Status as of June 30 2018:

The PM presented three oral presentations reporting the research funded by this project: a conference
presentation at the ACS National Meeting in New Orleans on March 18%, 2018 (“Bacterial Adhesion on Surfaces
Functionalized with Graphene Oxide: Insights from Single-Cell Force Spectroscopy”); and two invited seminars at
the Department of Physics at Hamline University on April 6%, 2018 (“Computational and Experimental Studies of
Aqueous Interfaces”) and at the Department of Chemical Engineering at University College London on May 9%,
2018 (“Understanding Microbial Adhesion to Aqueous Interfaces using Single-Cell Force Spectroscopy”).
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Final Report Summary:

As detailed above, results from this project were disseminated in multiple conference presentations by both the
students and the PM, as well as a journal publication in Environ. Sci. Technol. Lett. A further manuscript, to be
submitted for publication in the upcoming months, is currently under preparation.

VI. PROJECT BUDGET SUMMARY:

A. ENRTF Budget Overview:

Budget Category $ Amount Overview Explanation
Graduate and undergraduate student $82,974 Current support is for graduate research
support. Past support for postdoc assistant (25% time during summer term, fringe
(through May 2017), undergraduate benefits 10% of cost) and undergraduate
researcher support (through December student researcher ($18.11/hr for 67 days in the
2017) summer (9.57 weeks)).
Professional/Technical/Service Contracts: |S N/A
Equipment/Tools/Supplies: reagents, $32,526 Reagents and laboratory consumables
chemicals, consumables, analytical including, but not limited to, polymers for
services membrane fabrication (polysulfone,

polyethersulfone, pvdf), solvents for membrane
fabrication (NMP, DMF, acetone, isopropanol),
reagents to synthesize graphene oxide,
membrane casting equipment (PET fabric, thin
film applicator, glass plates), hollow fibers and
chemicals to modify hollow fiber membranes,
foulants (humic acids, proteins,
polysaccharides), supplies for membrane
characterization (SEM and AFM sample holders
and AFM probes), analytical equipment user
fees. Stirred filtration cell with data logger.

Capital Expenditures over $5,000: MF $ 34,500 Construction of a pilot-scale MF unit.
pilot-scale unit
Travel Expenses in MIN: $ 1,000 Travel in Minnesota for ballast and surface

water collection from Lake Superior. Mileage
will be reimbursed at $0.55 per mile or current
UMN compensation plan.

TOTAL ENRTF BUDGET:($ 151,000

Explanation of Use of Classified Staff:
Explanation of Capital Expenditures Greater Than $5,000:

MF pilot scale unit: custom-made hollow fiber membrane module, pump and motor assembly, valves, fittings,
tubing, flow meters and pressure gauges, data acquisition and logging computer, heater/chiller.

Number of Full-time Equivalents (FTE) Directly Funded with this ENRTF Appropriation:
A full-time graduate student researcher will be employed with this appropriation for 15 months. This results in a
total of 1 FTE for the total project.



Number of Full-time Equivalents (FTE) Estimated to Be Funded through Contracts with this ENRTF

Appropriation: N/A

B. Other Funds:

S Amount S Amount
Source of Funds Proposed Spent Use of Other Funds
Non-state N/A N/A N/A
University of Minnesota $3,000 SO Analytical services
State N/A N/A N/A
$ S
TOTAL OTHER FUNDS: | $3,000 1]

VII. PROJECT STRATEGY:
A. Project Partners:

The project manager will be Professor Santiago Romero-Vargas Castrillon (U. of Minnesota), who will supervise a
graduate student in the execution of the proposed work. Romero-Vargas has expertise in the development,
characterization, and testing of membrane materials for water purification, and membrane-based processes for

water production.

B. Project Impact and Long-Term Strategy:

The proposed work will result in membrane materials and processes for the treatment of ballast water discharges
in Minnesota. This project therefore directly addresses one of the main vectors for invasive species in the State.
We expect this project to lead to further applications in drinking water treatment and, also, to patentable

technology.

C. Funding History:

Funding Source and Use of Funds

Funding Timeframe S Amount

United States Geological Survey. Project title: “Improving the
(Bio)fouling and Mechanical Resistance of Ultrafiltration
Membranes for Drinking Water Production”. The project
proposed in this work plan partially builds on results and
expertise developed during the USGS-sponsored project.

3/1/2015-2/28/2016 $30,000

project.

Matching funds from UMN for the abovementioned USGS

3/1/2015-2/28/2016 $60,000

VIII. FEE TITLE ACQUISITION/CONSERVATION EASEMENT/RESTORATION REQUIREMENTS:

A. Parcel List: N/A

B. Acquisition/Restoration Information: N/A
IX. VISUAL COMPONENT or MAP(S):

See attached graphic.

X. RESEARCH ADDENDUM:

See attached research addendum.




XI. REPORTING REQUIREMENTS:

Periodic work plan status update reports will be submitted no later than January 30, 2017, June 30, 2017,
January 30, 2018, and June 30, 2018. A final report will be submitted by September 30, 2018.
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ENVIRONMENT

AND NATURAL RESOURCES

TRUST FUND

ENVIRONMENT AND NATURAL RESOURCES TRUST
FUND BUDGET

Activity 1
Budget
(6/30/18)

Amount Spent

Activity 1
Balance

Activity 2
Budget

Amount Spent

Activity 2
Balance

TOTAL
BUDGET

TOTAL
BALANCE

BUDGET ITEM

Personnel (Wages and Benefits)

Graduate research assistant, postdoc and undergraduate
researcher support. Current support is for graduate research
assistant (50% time per year for 15 months, salary 57% of
cost, tuition 33% of cost, fringe benefits 10% of cost)

$65,712

$65,712

$0

$17,262

$0

$17,262

$82,974

$17,262

Equipment/Tools/Supplies

Reagents and laboratory consumables including, but not
limited to, Polymers for membrane fabrication (polysulfone,
polyethersulfone, pvdf), solvents for membrane fabrication
(NMP, DMF, acetone, isopropanol), reagents to synthesize
graphene oxide, membrane casting equipment (PET fabric,
thin film applicator, glass plates), hollow fibers and chemicals
to modify hollow fiber membranes, foulants (humic acids,
proteins, polysaccharides, supplies for membrane
characterization (SEM and AFM sample holders and AFM
probes), analytical equipment user fees.

$21,315

$2,150

$19,165

$11,2

11

$0

$11,211

$32,526

$30,376

Analytical services ($3,000 cost-shared by UMN, please
see workplan, section B other funds)

$0

$0

$0

$0

$0

$0

$0

$0




Capital Expenditures Over $5,000

Construction of a pilot-scale MF unit: custom-made hollow
fiber membrane module, pump and motor assembly, valves,
fittings, tubing, flow meters and pressure gauges, data
acquisition and logging computer, heater/chiller.

$0

$0

$0

$34,500

$0

$34,500

$34,500

$34,500

Travel expenses in Minnesota

Mileage and lodging. To collect water samples within
Minnesota. Mileage will be reimbursed @ $0.55 per mile or
current U of M compensation plan.

$0

$0

$0

$1,000

$0

$1,000

$1,000

$1,000

COLUMN TOTAL

$87,027

$67,862

$19,165

$63,973

$0

$63,973

$151,000

$83,138
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Materials and Methods

Membrane Modification

Membrane Preparation

Polyethersulfone (PES) membranes with 30 kDA molecular weight cutoffs (MWCQO) were purchased from
Synder filtration. PES membranes were soaked in 50% glycerin solution and stored at 4°C. Prior to use,
membranes were rinsed with ultrapure (UP) water, soaked in 25% isopropanol 75% ultrapure solution
for 24hrs, and thoroughly rinsed again with UP water to remove any residual preservatives.

Acrylic Acid Modification procedure

It has been shown that polysulfone and Polyethersulfone membranes have the unique ability to
generate free radicals when exposed to ultraviolet light which can be used to induce graft
polymerization of monomers to the surface of the membranes to alter their properties. [1], [2]. Past
works have focused on modifying the surface of PS and PES membranes with various monomers to
improve their fouling and filtration capabilities, including the grafting of acrylic acid monomers [3], [4].
In this work, we build on the modification procedures for grafting acrylic acid with the intention of
further modification with graphene oxide.

A 10% acrylic acid (AA) solution was prepared by diluting 99% AA from Sigma Aldrich with ultrapure
water. Dilution was carried out in 500mL covered flasks under 125rpm of stirring for 30 minutes. PES
membranes were fixed to a Teflon frame with the active area facing up. The membranes and the AA
solution were brought to a glove box, where oxygen had been purged to less than 500ppm. The solution
and the membranes were left in the glove box for 15 minutes to remove any dissolved oxygen.

From here, a modified dip coating method was performed. Dip coating is often used for coating
membranes with monomer solutions prior to irradiation to increase the UV penetration to the
membrane surface. This will in turn increase the free radicals generated on the membrane surface, not
in the monomer solution, and increase grafting to the membrane. 10 percent acrylic acid solution was
poured over the membrane surface and allowed to sit for 15 minutes. After 15 minutes, all excess acrylic
acid monomer solution was poured into a collection vessel. This was done to ensure an even thin layer
of AA monomer over the membrane surface. A Spectroline Model EF-160C 120V 60Hz 0.2amp UV lamp
was positioned approximately 2cm above the membrane surface. The membranes were then irradiated
for 10 seconds. After irradiation, the membranes were rinsed thoroughly and soaked in UP water for 24
hours to remove any unreacted monomer. FTIR Spectroscopy was performed on the unmodified and AA
modified PES membranes to test the validity of the AA grafting step.

Preparation of Graphene Oxide solution

A 2mg/mL stock solution of graphene oxide was prepared by dissolving 100mg of GO in 50mL of
ultrapure water. Dissolution was carried out in a sealed 250mL flask. The flask was submerged in a bath
sonicater and the GO suspension was sonicated for 24 hours to disperse GO particles until colloidally
stable.



GO Modification Procedure

PES membranes were functionalized with GO by adapting the procedure developed by Perrault et al.
(2013) [5] for polyamide membranes, illustrated in Figure 1. The modification procedure utilized the
EDC/NHS coupling reaction in and MES buffer. Instead of the carboxylic acid groups from the polyamide,
carboxylic acids groups from the acrylic acid grafted to the membrane surface were activated to amine-
reactive esters with a 4 mM 1-ethyl-3-[3-(dimethylamino) propyl]carbodiimide hydro-chloride (EDC,
98%, Sigma) and 10 mM N-hydroxysuccinimide (NHS, 98%, Sigma), buffered by 10 mM MES
monohydrate (BioXtra, Sigma) with 0.5 M NaCl, at pH 5 [6]. The membranes were reacted for 60
minutes under ambient conditions while on a shaker table set to 30 rom. Membranes were then rinsed
gently with UP water. The amine reactive esters (NHS) were contacted with 10mM ethylenediamine (ED,
BioXtra, Sigma) solution buffered buffered by 19 mM HEPES (99.5%, Sigma) with 0.15 mM Nacl, at pH
7.5, for 30 minutes to replace the esters with ED amino groups on the membrane surface.

The GO sheets were then activated in a similar manner to the membranes. The carboxylic acid groups on
the GO nanosheets were substituted for the amine reactive esters (NHS) following a similar procedure.
The 2 mg mL™? GO stock solution was diluted to 250 pg mL™. The following components were then mixed
together as follows: 10 parts of 250 mg mL™? GO suspension mixed with 2 parts 100 mM MES buffer,
followed with 1.75 parts 20 mM EDC in 10 mM MES buffer, followed by 1.75 parts 50 mM NHS in 10 mM
MES buffer. The pH of the solution was then lowered to 5.5 and allowed to react for 15 minutes to
ensure the esters were stable while being formed. The pH was then raised to 7.2. The membrane
modified with ED groups was then contacted with the activated GO solution for 60 minutes under
ambient conditions and 30rpm shaking. This resulted in a covalent linkage between the ED on the
membrane surface and the GO nanosheets in suspension. Membranes were then gently rinsed and
sonicated for 5 minutes to remove non-covalently bound GO. Following the modification procedure, all
membranes were stored in ultrapure water (4°C) prior to use.



Graphene
Oxide

Figure 1 Membrane Modification Procedure with Graphene Oxide [5]



Membrane Characterization Techniques

There were several techniques that were used to characterize the unmodified and modified
membranes. Each of the techniques, including the instruments and their respective procedures, are
discussed in detail below.

Fourier-Transform Infrared Spectrometer (FTIR)

Attenuated total reflectance (ATR) FTIR was utilized to characterize the functional groups covering the
membrane surfaces throughout the modification procedure. Membrane samples were dried overnight
in a desiccator to remove any residual water that might appear on the FTIR spectrums. A Nicolet Series I
Magna-IR System 750 Fourier-Transform Infrared Spectrometer was then used to irradiate the dried
membrane surfaces.

Raman Spectroscopy

Raman spectroscopy irradiates a sample with a laser (either green or red) and measures the scattered
light off the sample to yield information about the structural makeup of the surface being irradiated.
Different functional groups will yield different characteristic peaks in the Raman spectrum. For this
project, membrane samples were tested by first drying them overnight in a desiccator. An Alpha300R
Confocal Raman Microscope (Witec) was used to carry out the Raman measurements. For each
membrane tested, 20x20 um area Raman maps at a 0.5 um resolution were created for randomly
chosen sections of the membranes. These maps were used to determine the two dimensional coverage
of GO on the membrane surfaces. In addition, an average Raman spectrum was created for each
membrane to give information regarding the average coverage of GO.

Contact Angle

Membrane hydrophobicity was characterized using both the water droplet in air and the captive bubble
technique. For the captive bubble technique, the contact angle between droplets of n-decane and the
membrane were measured in a submerged aqueous environment using a goniometer (Ramé-Hart,
Model 200) and DROP Image software (Ramé-Hart). Membranes were inverted and suspended such that
their active face was pointing down. The membranes were then submerged in ultrapure water. A J-
shaped needle was used to inject n-decane droplets of roughly 10uL onto the membrane surface. The
droplet sizes were kept at this volume for each measurement to reduce the skewing effect on the
contact angle by increased buoyant forces of larger bubbles. At least 8 angles were measured across
three separately functionalized membranes for each membrane type.

For the water droplet in air technique, droplets of ultra pure water were deposited on the membranes
and the contact angles between the membrane and the water droplets were measured. Prior to
conducting measurements, membranes were dried overnight in a desiccator. Droplets of roughly 5uL
were then deposited on the membrane surfaces using a needle. The contact angles were then measured
using the same equipment as the captive bubble technique described previously. At least 8 angles were
measured across three separately functionalized membranes for each membrane type.



While drying out the membranes for this technique can change the surface properties [7], it also
allowed for more consistent, smaller droplet sizes in comparison to the captive bubble technique. This
meant that the contact angles were less prone to skewing and spreading from the increased
gravitational forces associated with larger droplets.

Zeta potential

Streaming potential of the membrane surface was measured using a SurPASS electrokinetic analyzer
(Anton-Paar). Streaming potential was measured over a pH range of 4-10 in 1 mM KClI solution. The pH
was initially set at 10 and sequentially reduced to 4 using varying aliquots of 0.05mM HCl. An adjustable
gap cell with a set distance of 120um was used. At least two measurements were carried out for the AA
and GO functionalized PES membranes. The pristine PES membrane will need measurements
performed.

Biocidal Plate Assay

A biocidal plate assay was performed on the PES, AA, and GO membranes using the colony counting
technique. Pseudomonas fluorescens ATCC 13525 bacteria were prepared in an overnight culture in
50mL of autoclaved LB broth under constant 125rpm stirring at 30°C in an incubator. Bacteria were
diluted three hours prior to the bioassay in 50mL of fresh LB broth. Stirring was increased to 175rpm for
approximately three hours. The colony density in solution was characterized by measuring the OD using
a spectrometer. Bacterial dilutions were used when the OD was approximately 0.6nm. 1.5mL of
bacterial suspension was washed by centrifuging at 5,000G, dumping the supernatant, rinsing the
bacteria with 1mL of fresh sterile PBS saline solution, vertexing, and repeating three times. The bacterial
cells were then diluted with 10mL of PBS and applied to 1x1cm membrane coupons for 1 hour.
Membranes were then removed, gently rinsed with PBS, and placed in 10mL of fresh PBS in 50mL falcon
tubes, where they were bath sonicated for 10 minutes. The resulting solutions were then sequentially
diluted in 10:100:1000 ratios. Add 50 uL of each dilution were added to agar plates and speared evenly
over the surface with a glass stick. The plates were then incubated overnight at 30°C and the colonies
were counted after 24hrs.

Single Cell Force spectroscopy (SCFS)

Single cell force spectroscopy is used to measure the adhesion forces of bacterial cells on surfaces. This
is done by adhering single bacterial cells to calibrated AFM tips, followed by contacting the surface and
measuring the repulsive and attractive forces associated with pulling the bacteria back off the surface. In
this experiment, Pseudomonas fluorescens ATCC 13525 was used for all singlecell force spectroscopy
(SCFS) experiments due to its high biodhesion and biofilm formation potential [8]. Cells were grown in
an identical manner as those used for the biocidal assays detailed previously. Individual P. fluorescens
cells were adhered to the AFM cantilever tips with a polydopamine (PDA) solution used as an adhesive.
An MFP-3D-Bio AFM (Asylum Research) integrated to a Zeiss Axio Observer A.1 inverted optical
microscope was used for single-cell force measurements carried out under ambient conditions. Force
curves were generated with extension and retraction cycles carried out with a cantilever speed of 400



nm/s, force distance of at least 3 um or longer depending whether long-range interactions were
observed, and trigger force of 600 pN. For each membrane type, 100 force curves were to be generated.
Currently, all force curves for PES and the AA modified PES membranes have been gathered with about
66 curves for the GO modified membranes. Force curves were acquired at randomly chosen sites on the
membrane surfaces. At each randomly chosen location, up to three force curves were performed. This
was done to minimize deposition of extracellular polymeric substances.

For each membrane type, at least three individual cells cultured from three different colonies were used
to collect the force curves. In addition, at least three separately functionalized membranes of each type
were used as well. The cantilever deflection versus piezo Z position curves were converted into
force-separation curves. Maximum adhesion forces (FAd) and rupture separation distances (LR) (the
separation at which surface forces vanish) for each curve were calculated. After each experiment, the
cell viability (alive or dead) using the live/dead assay (Baclight). Only data collected with a live cell that
remained at its initial location were reported.



Membrane Characterization

Several of the previously mentioned techniques were used to characterize the membranes throughout
the membrane modification procedure to verify the efficacy of the modifications.

Fourier-Transform Infrared Spectroscopy

FTIR Spectroscopy was used primarily to determine the if carboxylic acid groups were present on the
surface of the PES membranes after the acrylic acid functionalization step. The primary peak attributed
with carboxylic acid groups is a sharp band roughly at 1720cm™ of the IR spectrum and a broad increase
in the 2500-3500cm region. The sharp band at 1720cm™ comes from the C=0 double bond stretching
while the broad band roughly around ~3000cm™ comes from the O-H stretching.

As described earlier, PES membranes undergo free radical polymerization upon direct radiation with UV
light. In the presence of acrylic acid monomers, these free radicals polymerize the vinyl double bond on
the acrylic acid, causing the formation of polyacrylic acid chains covalently bonded to the surface of the
membrane. The degree of grafting (i.e. the amount of acrylic acid polymerized to the surface of the
membranes) has been shown to be proportional to the time under UV radiation [9]. In addition, it has
been shown that the intensity of the UV light increases the rate of polymerization and degree of
grafting.

As described in the experimental section, the PES membranes used were irradiated for difference
periods of time under the same UV intensity. The UV intensity was set by fixing the distance between
the membrane surface and UV light source at ~ 2.5cm. Membranes were irradiated for 10, 20, 40, and
60 seconds with a thin layer of 10 wt% AA solution on top of the membrane. The FTIR results for each
membrane are shown in Figure 2. FTIR was performed three times per membrane to account for any
spatial deviation with respect to AA grafting. As shown in Figure 2, there is a sharp increase at 1723cm’™
and a broad increase in the 2500-3500cm™ for each membrane relative to the control. In addition, the %
reflectance for these peaks increased with radiation time. These results are indicative of the increasing
presence of carboxylic acid on the surface of the membrane, thus concluding that acrylic acid was
successfully grafted onto the membrane surface.

It was decided that only 10s of irradiation time was to be used for subsequent GO modification. This
decision was based primarily off the fact that increased irradiation time resulted in damage to the
membrane structure. Because PES membranes are reactive to UV light, the polymerization of AA to the
surface of PES via free radical polymerization of the PES chains results in irreversible change to the
membrane surface structure. Poor collapse is often a side effect of this modification mechanism,
resulting in decreased permeability of the membrane. This was not a desired result. As such, the
irradiation time was kept to a minimum (10s) to limit the loss in permeability as much as possible. GO
was then grafted onto these membranes as described earlier. The results of FTIR of the PES, PES-AA and
PES-GO membranes are shown below in Figure 3. This figure shows that both the GO and the acrylic acid
membranes display the C=0 stretching peak around 1720cm™. In addition, the GO FTIR spectrum shows
increased reflectance for several peaks around 2900cm™. These peaks are known to be associated with
GO and are consistent with other GO FTIR spectrum results.
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Raman Spectroscopy

The presence of graphene oxide on the modified membrane surfaces was confirmed using Raman
spectroscopy. Raman spectroscopy was performed on all three membranes (the pristine PES membrane,
the AA functionalized intermediated, and the GO modified membranes) to ensure that the presence of
acrylic acid or other functional groups was not mistaken for GO. Three peaks were analyzed to
determine if GO was present. The first peak, labeled PES, is inherent to the PES membranes which is the
result of symmetric C-O-C stretching of polyether sulfone. The second and third peaks, labeled D and G,
respectively, are the characteristic D (~1350 cm™) and G (~1590 cm™) bands of GO [10]. In addition, the
third (G) peak, is shared by the PES membrane [5]. Figure 4 shows the spectrums of the three

membrane types (unmodified PES, AA modified PES, and GO modified PES) averaged over the 20x20um
area.

PES D G

Intensity (cfs)

i

1000 1250 1500 1750 1000 1250 1500 1750 1000 1250 1500 1750
Raman Shift (cm-1) Raman Shift (cm-1) Raman Shift (cm-1)

(a) (b) (c)

Figure 4 Raman Results for Pristine PES (a), AA Modified PES (b), and GO Modified PES (b) Membranes.

Figure 5 shows the three spatial Raman spectrums of the modified, AA modified, and GO modified
membranes. The unmodified PES membrane and the AA modified membrane shows no evidence of
graphene oxide nanoparticles adhered to the surface. The GO modified membranes shows substantial
GO coverage across the entire membrane surface.

At each of the scanned points in the spatial Raman maps, the ratio of the GO D peaks to the membrane
PES peaks was taken to illustrate the coverage of graphene oxide. The increased intensity of GO to PES is
displayed by increased brightness. As expected, the pristine PES and the AA modified membranes
showed no apparent GO binding as exhibited by the darker image. The GO modified membrane showed
significant coverage throughout the tested area as seen with the brighter intensity of the Raman maps.
This confirms the hypothesis that the modification procedure was successful.
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(a) (b) (c)

Figure 5 Spatial Raman Maps for Pristine PES (a), AA Modified PES (b), and GO Modified PES (b)
Membranes.

Biocidal Assay

Biocidal assays were performed on all three membranes using the techniques described previously.
Three separate assays were performed. In each case, the 1:100 dilution was used for counting since the
colonies were both distinctive and numerous enough to count after spreading. For each assay, the
number of colonies for the AA and GO membranes were normalized to that of PES. The results for the
three assays are shown in Figure 6. Both the AA and GO modified membranes showed signs of biocidal
activity as seen in the reduction of viable colonies in Figure 6. The GO membranes showed the strongest
reduction in colonies, indicating the greatest biocidal effects of the three membranes. The increased
biocidal nature of the GO membranes is consistent with previous literature.

11
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Figure 6 Biocidal Assay Results for Pristine and AA and GO Modified PES Membranes

Contact Angle

Measurements for contact angles were performed using n-decane droplets in water via the captive
bubble technique. At least angles were measured for each of the three membrane types. Due to the
hydrophilic nature of the membranes (particularly the GO and AA membranes), large droplets of n-
decane were required. Efforts were made to keep the droplet size consistent across all three membrane
types to minimize. The results for submerged contact angles are shown in Figure 7. The average contact
angle for the AA membranes, 20.6°, was slightly higher than that of the GO membranes, 19.6°. Both the
GO and AA average contact angles were significantly lower than for the unmodified PES membranes
which had an average contact angle of 43.1°.

12
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Contact angles were also measured using the water droplet in air method. For this, a 1uL droplet was
deposited on the surface of the dried membranes. The contact angle was immediately measured to
minimize the effects of spreading. At least separate angles were used for each membrane. The results
are shown in Figure 8. These results show that the unmodified and GO modified PES membranes had
similar hydrophilicity when measured in air, while the acrylic acid modified membrane showed
significantly higher hydrophilicity.
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Figure 8 Water Droplet in Air Contact Angle Results
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Zeta potential

Zeta potential measurements were taken for three pristine PES membranes, three AA membranes, and
three GO membranes. The resulting curves for each membrane are in Figure 9. The acrylic acid modified
membranes had a consistent streaming potential of roughly -30mV which was maintained from a pH of
10 to a pH of around 6.5. At higher acidic conditions, the potential dropped to nearly -40mV at a pH
around 5 and then gradually increased as the pH was increased to 4. This dip in the potential could have
been associated with the presence of carboxylic acid groups on the membrane surface. All three GO
membranes followed a consistent trend of increasing in zeta potential initially at a pH of 10, plateauing
until a pH of 6.5 and then sharply increasing through a pH of 4. In general, the GO membranes had a
lower potential than the acrylic acid membranes until a pH of 6. This more negatively charged surface
could be explained by the increase in carboxylic acid density from the GO nanosheets. The generally
lower zeta potential (seen in the typical operating conditions of a pH of 6-8) could result in more better
rejection due to Donnan exclusion. In addition, this lower charge should cause both the GO and acrylic
acid modified membranes to have a lower propensity for bacterial fouling.

Zeta Potential (mV)
w
o

pH

Figure 9 Zeta Potential Results for PES-AA and PES-GO Membranes
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Single Cell Force Spectroscopy

A total of roughly 100 force curves were collected from at least three separately functionalized
membranes for each of the three membrane types. A single Pseudomonas genus, P. fluorescens
bacterium was immobilized on a calibrated cantilever tip. Extension—-retraction cycles were performed
at a cantilever speed of 400 nm/s, force distance of 2 um or longer, and trigger force of 600 pN. For each
force curve generated, the rupture separation distance and the adhesive forces of the bacteria were
calculated. Figures 1-4 represent the data for adhesion force and rupture separation for PES membranes
and PES-AA membranes. GO membrane data collection will need to be finished and worked up prior to
analysis.
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Figure 10: Rupture Separation Data Over PES Membrane
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Figure 13: Adhesion Force Data Over PES-AA Membrane

The PES membrane SCFS experiments consist of 99 force curves using three different bacteria cells with
an intact cell membrane. The PES-AA membrane SCFS experiments consist of 99 force curves using three
different bacteria cells with an intact cell membrane, as well. Future work will consist of obtaining 99
force curves over the GO functionalized membranes for comparison.
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ABSTRACT: The potential of graphene oxide (GO) in
environmental applications, such as the development of
antimicrobial materials and low-fouling membranes, has thus far
been hindered by an incomplete understanding of bioadhesion
mechanisms on GO interfaces. Using atomic force microscopy
(AFM)-based single-cell force spectroscopy, we investigate the
adhesion of single Pseudomonas fluorescens cells on GO-function-
alized interfaces possessing distinct morphologies. Specifically, we
investigate Si-GO surfaces, in which Langmuir—Blodgett GO
films are transferred to Si wafers by dip-coating, forming an
immobilized layer of horizontally arranged GO nanosheets, and
PLL-GO surfaces, where GO nanosheets, edge-tethered to poly-
L-lysine, form an interface characterized by morphological and

Horizontally arranged GO (Si-GO)

Edge-tethered GO (PLL-GO)

conformational disorder. We observe strong adhesion forces on both Si-GO and PLL-GO surfaces; analysis of the pull-off forces
in terms of the worm-like chain model reveals that adhesion is driven by hydrophobic interactions between proteinaceous
adhesins on P. fluorescens and graphenic basal planes. We further show that adhesion forces are significantly stronger on Si-GO
surfaces that facilitate interactions with graphenic planes, compared to PLL-GO surfaces, which show weaker adhesion due to
steric and electrostatic repulsion. These results therefore demonstrate that the spatial orientation and conformational disorder of

GO nanosheets are key factors governing the interfacial properties of graphene nanomaterials.

1. INTRODUCTION

The significant interest in graphene nanomaterials is motivated
by their unique physical and chemical properties. Graphene is
the thinnest, strongest material ever developed.' As a 2-D
nanomaterial with metallic properties, it is finding applications
in electronic and photovoltaic devices.” The high surface area
and photocatalytic-enhancing properties of graphene hold
promise in environmental remediation, adsorption, degradation
of organic contaminants, and the development of water
purification membranes.”’ Furthermore, graphene and gra-
phene oxide (GO) exhibit wide-spectrum antibacterial
activity,"™” opening new avenues for the development of
biocidal materials and interfaces, such a low-biofouling
membranes.'”"" Nonetheless, further deployment of gra-
phene-based biocidal materials has been hindered by an
incomplete understanding of the adhesion mechanisms of
bacteria on graphenic interfaces. Previous studies have
attempted to explain the interactions between cells and
individual graphenic sheets in suspension, with contradictory
conclusions documented by different investigators. Li et al."”
and Tu et al,”> using a combination of microscopy and

-4 ACS Publications  © Xxxx American Chemical Society

simulation, proposed that graphene'”"* and GO sheets'” pierce
lipid bilayers via sheet asperities or edges; a mechanism for
bilayer piercing was provided based on molecular dynamics
simulation, which showed spontaneous piercing of the cell
membrane when graphene and GO sheets translocate
orthogonally to the cell.'”'* On the other hand, AFM-based
force spectroscopy measurements showed that the interactions
of a GO-coated AFM probe with E. coli cell membranes were
predominantly repulsive, possibly due to negatively charged
GO sheet edges, which result in electrostatic repulsive forces as
the nanosheets impinge on the cell membrane edge-first.'”"*
These studies suggest that GO sheet spatial orientation plays an
important role in determining the behavior of interfaces
functionalized with GO. The relevance of nanosheet config-
uration is underscored by reports that nanosheet edge-bacteria
contact is a determinant of biocidal activity,”'* with a recent
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study reporting higher biocidal activity in GO films comprising,
edge-exposed, verticallz aligned nanosheets,' though this view
remains contentious.'’”'? Nonetheless, direct, real-time ex-
perimental measurements examining the adhesion forces of
bacteria on GO surfaces and the possible role played by GO
sheet orientation in GO-cell adhesion forces are still lacking. In
this work, we use atomic force microscopy (AFM)-based force
spectroscopy to quantitatively evaluate the interactions of single
P. fluorescens cells, a biofilm forming,”>*' environmentally
relevant bacterium found in soil and drinking water,”>** with
substrates possessing horizontally oriented or randomly
oriented GO surface coatings. We find strong bacterial
adhesion on GO-functionalized surfaces, driven by hydrophobic
interactions between proteinaceous adhesins and graphenic
basal planes in GO. Further, we demonstrate that P. fluorescens
adhesion is stronger on “flat” GO surface coatings as compared
to randomly oriented surface coatings, demonstrating the
importance of spatial orientation of GO as a design variable in
GO surface coatings.

2. MATERIALS AND METHODS

2.1. Preparation of GO and GO Model Surfaces. GO
was prepared following a modification of Hummers’ method, as
explained in the Supporting Information (SI).”* Confocal
Raman spectroscopy, AFM, and scanning electron microscopy
(SEM) were performed to characterize the GO sheets. The
characteristic D (~1350 cm ™) and G (~1590 cm™') bands™ of
GO were identified in the Raman spectrum (Figure S1(a)). GO
sheets showed an average sheet size (Figure S1(b)) of ~0.08
pum (SEM images were analyzed with Fiji’®) and sheet
thickness (Figure S1(c, d)) of ~1 nm, in agreement with
previous reports. = Zeta potential measurements of GO in
aqueous dispersion (Figure S1(e)) showed that the nanosheets
are negatively charged, due to deprotonation of carboxylic acid
groups at the sheet edges.”””"

Two model GO surfaces (i.e., randomly oriented GO sheets
and horizontally oriented GO sheets) were prepared. The first
class (denoted as PLL-GO surfaces) was prepared by covalently
tethering GO sheets to poly-L-lysine (PLL)-coated glass (Poly-
Prep slides, Sigma-Aldrich) via amine coupling chemistry.””
The second class of surfaces (designated Si-GO) was ;arepared
by transferring a GO Langmuir—Blodgett (LB) film'” to a P-
type silicon (Si) wafer via dip-coating.’® Details on the
preparation of GO surfaces can be found in the SIL. GO
immobilized on the PLL-GO and Si-GO surfaces was
confirmed by Raman spectroscopy. Surface roughness, hydro-
phobicity, and zeta potential were evaluated using AFM, captive
bubble contact angle, and streaming current measurements,
respectively, as described in the SI.

2.2. AFM-Based Single Cell Force Spectroscopy.
Pseudomonas fluorescens ATCC 13525 was used in all single-
cell force spectroscopy (SCFS) experiments. As in other
bacteria of the Pseudomonas genus, P. fluorescens has high
biodhesion and biofilm formation potential, owing to an array
of adhesins,”" including flagella, pili, lipopolysaccharides (LPS),
and outer membrane ;)roteins (OMP) that influence its motility
and adhesiveness.”” """ Single P. fluorescens cells were adhered
to the cantilever using a polydopamine (PDA) wet
adhesive.”””” Details of the bacterial growth conditions and
preparation of bacterial cell AFM probes are given in our recent
publication®® and summarized in the SIL

An MFP-3D-Bio AFM (Asylum Research) integrated to a
Zeiss Axio Observer A.1 inverted optical microscope was used

for single-cell force measurements at room temperature (25
°C). Extension—retraction cycles were performed at a cantilever
speed of 400 nm/s, force distance of 2 um (longer force
distances were used whenever long-range interactions were
observed), and trigger force of 600 pN. Force curves were
acquired at randomly chosen sites on the specimen surface;
only three replicate force curves were recorded over each site to
minimize deposition of extracellular polymeric substances. For
each model surface, at least three individual cells (from three
independent cell cultures) were used to collect a total of ~100
curves. Raw data (i.e., cantilever deflection versus piezo Z
position) were converted into force—separation curves, record-
ing from each pull-off curve the maximum adhesion force (Fyq)
and rupture separation (Ly) (ie., the separation at which
surface forces vanish). Cell viability was checked after each
experiment by a live/dead assay (Baclight). Only data collected
with a live cell that remained at its initial location (such as that
shown in Figure S12) are reported and discussed.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Surfaces. Raman spectros-
copy maps and AFM topographic images (collected in PBS
buffer, pH 7.4) of the GO surfaces are provided in Figure 1.

Si-GO

00 05 1.0 15 0 15

2.0 ym 2.0 pm

Figure 1. Surface characterization of PLL-GO (left column) and Si-
GO surfaces (right column). (a, b) Raman spectroscopy maps of PLL-
GO (a) and Si-GO (b) substrates. (c, d) Tapping mode AFM images
of PLL-GO (c) and Si-GO (d) substrates. AFM imaging was
conducted in PBS buffer, pH 7.4.

The Raman maps (Figure 1(a, b) and Figure S3(a, b)) show
regions of high brightness (proportional to the intensity of the
D and G peaks of GO), albeit with dissimilar spatial
distribution: small (typically <1 ym) regions of high brightness
were observed on the PLL-GO surface (Figure 1(a)), whereas
the Si-GO surface exhibited larger GO domains (>1 pm),
suggesting the presence of horizontally arranged GO (Figure
1(b)). In control surfaces (GO-free PLL and Si), Raman
intensity is significantly attenuated (Figures S3(c, d)). The
morphological features of Figure 1(a, b) are consistent with the
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AFM images (Figure 1(c, d)), showing that two different spatial
orientations are realized by these surfaces: GO nanosheets in
Si-GO surfaces are stacked horizontally on the Si substrate
(Figure 1(d) and Figure S2(b)), whereas a significantly more
disordered interface is obtained when GO is tethered to flexible
PLL chains (cf. PLL-GO, Figure 1(c) and Figure S2(a)), where
horizontally oriented sheets on the substrate are not observed.
In accord with the morphological features described in Figure
1, the root-mean-square roughness (Rrumisy Figure S4(a)) of
PLL-GO (Rpys = 2.78 nm) is higher than that of Si-GO (Rpys
= 1.62 nm, which suggests a GO film 1—2 sheets thick on Si).
Figure S4(a) further shows that the presence of GO increases
the roughness of the unmodified control substrates (note the
lower surface roughness of bare PLL and Si surfaces). The
orientational disorder of GO nanosheets in PLL-GO is partially
due to the roughness of the underlying PLL, and it is also a
consequence of bonding GO to primary amines in PLL, which
allows edge-tethered solvated nanosheets to undergo thermal
agitation. The zeta potential values showed that the four
surfaces were negatively charged, exhibiting similar surface
potentials (—60 to —90 mV) at pH 7.4 (Figure S4(b)).

The wettability of the surfaces, characterized by the contact
angle of captive n-decane droplets in PBS (pH 7.4), is
presented in Figure SS. Low contact angles (i.e., low n-decane
wettability) are observed in all surfaces; H-bonding functional
groups present in PLL (primary amine groups) and PLL-GO
(epoxide, hydroxyl, and carboxylic groups that decorate the GO
sheet edges””””) explain the poor wettability with n-decane.
The similarity of contact angle values observed in Si and Si-GO
is consistent with the wetting translucency™ of graphene films.
Given its ultrathin-sheet geometry, a significant fraction of the
n-decane-Si van der Waals interactions are transmitted through
the graphenic planes, resulting in wetting behavior that is
relatively unaffected by the graphene coating.*"**

3.2. GO Nanosheet Spatial Orientation and Hydro-
phobicity Are Determining Factors of Bacterial Adhe-
sion. Figure 2(a) presents the mean maximum adhesion force
((Fay), where F,, is defined in the inset) observed on control
and GO surfaces; adhesion force histograms for each system are
given in Figure S6. GO functionalization has a significant effect
on cell adhesion, as shown by the doubling of (F,4) in PLL-GO
compared to PLL substrates and the order-of-magnitude
increase in (F,q) observed in Si-GO surfaces compared to
the Si control. The mean adhesion forces presented in Figure
2(a) increase as Si (—0.01 nN) < PLL (—0.28 nN) < PLL-GO
(=0.57 nN) < Si-GO (—0.78 nN) (p < 0.01 from two-sided
unpaired t-tests); these reflect cell—substrate adhesion forces, as
demonstrated by the significantly weaker forces observed in
control measurements with bacterium-free PDA-coated canti-
levers (Figure S7, p < 0.01 except Si, on which weak adhesions
are observed with and without cell). To explain the results
shown in Figure 2(a), we note that bacterial adhesion is
determined by a variety of cell-surface structures, such as pili
and outer membrane proteins,34’35'43 which, owing to the high
content of hydrophobic amino acids (in e.g, pilin proteins™’),
mediate attachment to hydrophobic substrates via hydrophobic
interactions.”*> At the micro- and nanoscales both PLL-GO
and Si-GO surfaces present hydrophobic regions embedded in
the graphenic planes of the nanosheets,””** which are known to
serve as adsorption sites for hydrophobic molecules.””*"~*
Consequently, the significant increase in (F,4) observed over
Si-GO and PLL-GO is ascribed to hydrophobic association of
cell-surface adhesins with hydrophobic domains in GO sheets.

(@) 1.4}

(Fag) (nN)

PLL PLL-GO Si Si-GO

w

(Lg) (um)
o

PLL PLL-GO Si

Si-GO

Figure 2. Results of single-cell force spectroscopy. (a) Average
maximum adhesion force ({(F,q)) of P. fluorescens cells on the various
surfaces. A representative pull-off force curve showing the definition of
Fuq and Ly is shown in the inset of panel (a). (b) Mean rupture
separation ({Ly), the separation at which adhesion forces vanish). All
experiments were performed in PBS buffer (pH 7.4). The histograms
from which the reported means were computed are given in Figures S6
and S8; p < 0.01 (two-tailed unpaired ttest) for all pairwise
comparisons except when indicated by .

The determining role of hydrophobicity in P. fluorescens
attachment is underscored by the weak adhesion (~10 pN,
cf. Figure 2(a)) observed on Si substrates, the most hydrophilic
surface investigated in this work (cf. Figure SS). Furthermore,
we observe stronger (p < 0.01) (F,4) over Si-GO than PLL-GO
(—0.78 nN vs —0.57 nN, respectively, cf. Figure 2(a)). The
different adhesiveness demonstrated by PLL-GO and Si-GO is
derived from their respective morphologies. Si-GO surfaces, as
shown in Figure 1(d), exhibit horizontally arranged GO sheets,
whereas GO sheets tethered to PLL form a rougher and more
disordered PLL-GO interface (Figure 1(c) and Figure S4(a)).
The flat GO sheet orientation in Si-GO surfaces therefore
maximizes the surface area of graphenic planes with which cell
biopolymers interact, thereby facilitating bacterial attachment.
Low roughness of Si-GO (Figure S4(a)) may also enable
bacterial attachment, as observed with pyrolytic graphite."
Conversely, bacteria adhering on PLL-GO face negatively
charged GO sheet edges,”® which weaken bacterial attachment
due to electrostatic repulsive forces."* In addition, GO sheets
edge-tethered to PLL create a steric barrier against microbial
deposition, akin to that formed by solvated polymers.”’™>” As a
bacterium adheres on PLL-GO, GO nanosheets are com-
pressed, the resulting loss of conformational entropy opposing
cell adhesion.”® These data thus demonstrate that nanosheet
spatial arrangement (ie., flat vs randomly oriented) and
conformational degrees of freedom play key roles in
determining the GO-bacterial cell adhesion forces.

To gain insight into the cell-surface structures mediating
adhesion, we analyzed the rupture distance (Ly), defined in
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Figure 2(a) (inset). The values of the mean rupture distance
({(Lg)) are presented in Figure 2(b), and the distributions of Ly
appear in Figure S8. Apart from the Si control, over which no
significant adhesion is observed, mean Ly values reported by
PLL, PLL-GO, and Si-GO surfaces (1—2 pm) are consistent
with bioadhesion mediated by membrane proteins (contour
length =2 um>**°); a fraction of measurements showing Ly > 2
um (Figure S8 for PLL, PLL-GO, and Si-GO) is likely due to
pili-mediated adhesion, which can extend to several micro-
meters.””>* Long Ly, values may also be attributed to stretching
of PLL chains on the glass substrates, as shown by the longer-
ranged forces exhibited by PLL and PLL-GO compared to Si-
GO substrates (Figure 2(b)).

3.3. Proteinaceous Adhesins Mediate P. fluorescens
Attachment to GO-Functionalized Interfaces. In a subset
(~20%) of the pull-off force—separation profiles recorded on
PLL, PLL-GO, and Si-GO, we observed the sawtooth pattern
(Figure 3(a)) that is associated with force unfolding of protein
domains.***> As shown in the inset of Figure 3(a), the peaks
are well fitted by the worm-like chain (WLC) model of polymer
elasticity”®*” which describes the force F necessary to unravel a
random coil as F(x) = ksT/Lp[0.25(1 — x/Lo)™ + x/Lc —

Force (nN
S ( ).

0.0 0.5 1.0 1.5
Separation (um)
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N
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Figure 3. Signatures of macromolecular unfolding observed over
different model surfaces. (a) Representative force curve exhibiting the
sawtooth pattern characteristic of force-unfolding of macromolecular
domains. Representative fits of the worm-like chain (WLC) model to
the sawtooth patterns are shown in the inset. (b) Mean persistence
length ((Lp)) obtained from WLC model fits to the pull-off force
curve of single P. fluorescens cells. (c) Mean unfolding force ((Fy,)).
The definition of Fy, is shown in panel (a). The histograms from
which the means in panels (b) and (c) were computed are given in
Figures S9 and S10. N/A for Si indicates that no signatures of
macromolecular unfolding were observed on this substrate.

0.25], where x is separation, kg is the Boltzmann constant, T is
the absolute temperature (298 K), Lp is the persistence length
(a measure of polymer rigidity), and L is the contour length
(the length of the unfolded macromolecule). Quantitative
analysis of the pull-off force curves in terms of the WLC model
yielded values of L, and L (in fitting the WLC model, we
discarded nonspecific adhesion peaks at short separation, as
well as peaks yielding L, < 0.15 nm, the length of a C—C
bond®®). We find that best-fit L, values were narrowly
distributed with means in the 0.23—0.28 nm range (Figure
3(b) and Figure S9), close to the persistence length of proteins
(~0.4—1 nm***>*%) "and observed that the mean peak force
(Fynp defined in Figure 3(a)) was consistent with the unfolding
force of membrane proteins (~300 pN, cf. Figure 3(c) and
Figure S10).>*>> The values of L, and Fy,; suggest that
adhesion of P. fluorescens is mediated by proteinaceous
hydrophobic adhesins, likely to be membrane proteins that
interact with hydrophobic graphenic planes in GO nanosheets,
and lysyl side chains in PLL. The hydrophobic character of
adhesin proteins is manifested by the absence of the sawtooth
pattern in all force curves recorded over hydrophilic Si
substrates. AL, the difference in contour lengths between
consecutive sawtooth peaks, revealed the length scale of the
unfolded domains. As shown in Figures S11(b, c), AL values
for PLL-GO and Si-GO were distributed around means of 66.4
and 80.6 nm, respectively, which suggest that each sawtooth
peak is due to unfolding of more than one protein domain
(whose repeats are ~30—40 nm for membrane proteins®® and
~50—60 nm in pilin proteins>’). The broader distribution of
AL observed over PLL (Figure S11(a)) suggests that adhesins
undergo surface-induced unfolding over this substrate.”

In closing, we have demonstrated that the hydrophobic
interactions that drive P. fluorescens adhesion are stronger in
GO interfaces assembled from horizontally arranged nano-
sheets, as compared to edge-tethered GO sheets where
electrostatic and steric repulsion weaken adhesion forces. Our
results emphasize the importance of nanosheet hydrophobicity,
spatial arrangement, and conformational disorder in determin-
ing the interfacial behavior of GO-functionalized substrates,
pointing out possible directions for future inguiry. Reactive
oxygen species (ROS)-mediated cell oxidation®'* is likely to
modify cell bioadhesion due to breakdown of the outer
membrane. Experiments isolating the competing effect of ROS
pose interesting questions that warrant future investigations.
Further investigations should also aim to elucidate the
mechanism of adhesion of hydrophilic bacteria®' to graphenic
surfaces, perhaps using adhesin-knockout mutants.
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The Supporting Information is available free of charge on the
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Further information on materials and methods (GO
synthesis and characterization, preparation and character-
ization of PLL-GO and Si-GO surfaces, and functional-
ization of AFM probes with bacterial cells). Results of
GO characterization (Figure S1); AFM imaging, Raman
spectroscopy images, AFM surface roughness, zeta
potential, and contact angle measurements for all
surfaces (Figures $2—SS5); histograms of adhesion forces
(Figures S6 and S7), rupture separations (Figure S8),
persistence lengths (Figure S9), unfolding forces (Figure
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S10), contour lengths (Figure S11); and digital image of
bacterial cell AFM probe (Figure S12). (PDF)
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Supporting Materials and Methods

Synthesis of GO

Graphene oxide (GO) was prepared via chemical exfoliation of graphite (Bay Carbon, SP-1, 325
mesh) using a modified Hummers method.! First, 2.0 g of graphite was placed in 5 mL of
concentrated sulfuric acid at 80 °C. Next, 2.0 g each of K>S20s and P20s were added and the
suspension was allowed to react at 80 °C for 4.5 hours. After reaction, the mixture was transferred
into 320 mL of ultrapure water (18.2 MQ cm, Barnstead, Thermo Fisher) and allowed to settle
overnight. The mixture was subsequently vacuum filtered using PTFE membranes (0.45 um,
Whatman TE 36) and dried overnight at room temperature. Next, the obtained black solid was
mixed with 80 mL of concentrated sulfuric acid over an ice bath, and 10.0 g of KMnO4 was slowly
added so that the temperature of the mixture did not exceed 10 °C. The mixture was then slowly
heated to 35 °C over a period of 2.5 hours. Next, 154 mL of ultrapure water was slowly added,
preventing the suspension temperature from exceeding 50 °C, and reacted for 2 hours at room
temperature. Lastly, the mixture was transferred to 480 mL of ultrapure water, and 8.4 mL of 30%
H2>0, was added, causing the mixture to acquire a yellowish-brown color. The suspension was
allowed to settle for 2 days, and the precipitate was subsequently recovered by multiple
centrifugation steps (12,000 x g, 30 min), initially re-suspending the product in 10% HCI to
remove chemical residues and finishing with resuspension in water until the supernatant reached
a pH of about 3.5. Finally, the suspended product was purified via dialysis (3.5 kDa membranes,
Spectrum Labs) for 4 days and lyophilized for 4 days.

Preparation of PLL-GO Surfaces

GO sheets were covalently tethered to poly-L-lysine (PLL, MW = 150-300 kDa) immobilized on
glass surfaces (Poly-Prep slides, Sigma Aldrich) via amine coupling? mediated by EDC (1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride) and NHS (N-hydroxysuccinimide),
following established protocols.?® MES buffer (2-(N-morpholino)ethanesulfonic acid, 100 mM,
pH 6.0) was mixed with GO aqueous dispersion (250 pg L) at a 1:5 volume ratio. Next, EDC (20
mM) and NHS (50 mM) solutions prepared in 10 mM MES buffer were sequentially mixed with
the GO suspension. During this step, carboxylic acid groups in GO are converted to amine-reactive
esters. The reaction proceeded for 15 min at pH ~5.5. The pH of the suspension was subsequently
adjusted to ~7.2 before immersing in the suspension a PLL-coated glass coupon. The suspension
was placed on a shaker table (~30 rpm) for 1 h, after which the coupon was rinsed with ultrapure
water, and bath-sonicated for ~10 min to remove unbound GO sheets. Prepared PLL-GO coupons
were stored in ultrapure water at 4 °C until use.



Preparation of Si-GO Surfaces

Si-GO substrates were prepared via dip coating of Langmuir-Blodgett (LB) GO films on P-type
silicon wafers (100 orientation, single side polished, test grade, 500-um thickness). The bare
silicon substrate was first soaked in acetone for 15 min, rinsed with copious amounts of ultrapure
water, and washed with isopropyl alcohol to eliminate water residues. After air drying, the wafer
was placed in a UV/O3 cleaner for 20 min to eliminate organic residues (ProCleaner™ Plus,
Bioforce Nanosciences). The cleaned wafer was stored in a nitrogen-purged desiccator before use.

The LB trough (effective area = 172 cm?) was cleaned with Alconox solution followed by thorough
rinsing with ultrapure water. Thereafter the trough was filled with a sublayer consisting of HCI
solution, pH 1.0. The Si wafer was then dipped vertically into the trough well with the upper end
clamped on the dipper. Surface pressure was monitored using a Wilhelmy plate positioned parallel
to the Si substrate. A mixture of GO dispersion (2 mg mL™) and methanol (v/v = 1/5) was added
to the acidic water sublayer dropwise in 0.5-mL aliquots to a total of 2.5 mL. Five min was allowed
between aliquot additions. The setup was left overnight for methanol to completely evaporate.
Finally, the Si substrate was pulled up at a constant speed of 0.03 mm/s with a surface pressure of
5 mN/m. More information on GO LB film preparation is documented elsewhere.*®

Confocal Raman Microscopy

Confocal Raman Microscopy (Witec Alpha300R) was performed in the study to confirm the two
characteristic bands of GO materials and GO coverage on the model surfaces. Sample surfaces
were scanned using a Nikon 100x objective, 532-nm laser excitation and 1800 grooves/mm
grating.

The optimal depth for mapping was determined by performing an x-z scan over a 20 x 8 um?
(length x depth) cross-section. Next, the x-y Raman map was generated over a 20 x 20 um? scan
area at the determined depth, with a resolution of 1 um. Two spectra were measured per micron.
The sum of the area under the D and G peaks of GO (found at ~1350 cm™ and ~1590 cm™,
respectively’) was used to generate the signal intensity maps.

AFM Topography and Surface Roughness

An MFP-3D-Bio atomic force microscope (Asylum Research) was used to image the surfaces and
measure their nanoscale roughness using tapping (AC) mode AFM in phosphate buffered saline
(PBS, pH 7.4). Bruker SNL probes were used (cantilever C, nominal k = 0.24 N/m). Surface images
were collected at 0.5 Hz over areas of 20 x 20 pm?, 5 x 5 um?, and 2 x 2 um?, on each surface
type. Root-mean-square (RMS) roughness was calculated from three randomly selected spots (0.5
pm x 0.5 um) on each surface type.



Contact Angle Goniometry

Contact angle measurements were performed with a Model 200 contact angle goniometer (Ramé-
Hart) equipped with a fluid cell for captive bubble measurements. n-Decane drops (2 uL) were
injected into the fluid cell (filled with PBS, pH 7.4) and deposited on the surface using a syringe
fitted with a J-shaped needle (Type 304 stainless steel, 22 gauge). The left and right contact angles
were recorded after 60 s from digital images using the DROPImage Standard software (Ramé-
Hart). For each surface, 4 replicate specimens were measured for a total of ~10 deposited droplets.

Surface Charge (-Potential)

The {-potential of the surfaces was determined from streaming current measurements using an
electrokinetic analyzer (SurPASS, Anton Paar). Two 10 x 20 mm? specimen coupons were
attached to sample holders using double-sided tape; sample holders were subsequently mounted
in an adjustable gap cell, setting the gap size to ~ 110 um. The streaming current was measured
by flowing the electrolyte solution (1 mM KCI) through the gap (i.e., parallel to the specimen
coupons) as the pressure difference was increased to 400 mbar. A linear dependence of the
streaming current with the pressure difference was observed, in accordance with the Helmholtz-
Smoluchowski equation,® and the {-potential was determined from the slope. Streaming potential
measurements were performed at pH ~5.5 — 10 adding aliquots of 0.05 M NaOH. Two
independently prepared samples of each surface type were characterized.

Bacterial Culture Conditions

The as-received freeze-dried bacterial culture powder (P. fluorescens ATCC 13525) was used to
inoculate 6 mL of LB broth (Miller, Sigma-Aldrich). Following incubation for 2 hours at 30 °C,
agar plates were streaked and incubated at 30 °C overnight to grow bacterial colonies. Bacterial
suspensions were prepared by transferring a colony with a pipette tip to 50 mL of LB medium.
The suspension was incubated overnight at 30 °C and 125 RPM shaking speed, and diluted (1:25)
with fresh LB broth. After further incubation for ~3 hours at 30 °C and 175 RPM, cells were
harvested in mid-exponential phase (ODsoonm ~ 0.4 — 0.6), centrifuged at 5000 x g for 1 min, and
re-suspended in PBS, pH 7.4. This step was repeated thrice. All materials and reagents used in cell
culture were autoclaved before use.

Sample Preparation and Cantilever Functionalization

A specimen of sample surface with a dimension of ~1 x 0.5 cm? was adhered using epoxy (3M
Quick Set Epoxy Adhesive) to a piranha- and UV/Os-cleaned 35-mm circular glass disc (Asylum
Research). After a 15-min epoxy curing step, a 20-uL droplet of bacterial suspension was placed
on the glass disc beside the specimen. The droplet was let to stand for 30 min to permit bacterial
deposition on the glass surface. Afterward, 4 mL of PBS was used to rinse off excess unattached
cells, avoiding contact between the specimen surface and the bacterial suspension. The glass disc



was mounted in the AFM fluid cell (Fluid Cell Lite, Asylum Research), which was then filled with
2 mL of PBS buffer (pH 7.4).

Tipless silicon nitride cantilevers with nominal k = 0.01 N/m (Bruker MLCT-O10 probe “C”) were
used in force spectroscopy experiments. Cantilevers were cleaned in a UV/O3z chamber for 25 min
before use. A self-adherent polydopamine (PDA) coating®!° was deposited on the AFM probe to
enable attachment of a bacterial cell to the end of the cantilever. PDA deposition was conducted
for 15 min (65 RPM shaking speed) from a solution containing 4 mg of dopamine hydrochloride
(Sigma-Aldrich) per milliliter of Trizma buffer (10 mM, BioReagent, Sigma-Aldrich) buffered to
pH 8.5. Following deposition, the probe was rinsed with ultrapure water and dried in a nitrogen-
purged desiccator for 5 min. Prior to bacterial attachment, the cantilever optical lever sensitivity
was measured over the bare glass surface, and the spring constant (k) was calibrated using the
thermal noise method?! (the values of k were within the range specified by the manufacturer). The
AFM probe was mounted onto the AFM probe holder, and the AFM head was thereafter lowered
into the fluid cell, allowing ~40 min for the cantilever deflection signal to reach a stable value. To
prepare a single-cell AFM probe, the PDA-coated cantilever was engaged at a 1 nN loading force
on a single bacterial cell identified using the 63x objective of the inverted optical microscope
(Zeiss Axio Observer A.1). After 5 min, the cantilever (functionalized with the bacterial cell) was
withdrawn.
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Figure S1: Characterization of graphene oxide (GO): (a) Raman spectrum; (b) sheet size
(equivalent radius) distribution; (c) tapping mode AFM image of GO sheets deposited on silicon;
(d) GO sheet height profile (determined along the red line in panel c); (e) zeta potential of GO in
aqueous dispersion at a concentration of 250 ug mL™.
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Figure S2: Surface topography visualized by tapping mode AFM: (a) PLL-GO and (b) Si-GO.



Figure S3: Raman spectroscopy images of (a) PLL-GO, (b) Si-GO, (c) PLL, and (d) Si surfaces.
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Figure S6: Distribution of maximum adhesion forces (Faq) of single P. fluorescens cells on: (a)
poly-L-lysine-coated glass (PLL); (b) graphene oxide (GO)-functionalized PLL surfaces (PLL-
GO); (c) Si wafers; (d) Langmuir-Blodgett GO films deposited on Si wafers by dip-coating (Si-
GO). The inset shows the histogram average ((Fad)), Standard deviation, and number of
measurements (n). Measurements were performed in PBS buffer (pH 7.4).
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Figure S7: Distribution of maximum adhesion forces (Fad) of cell-free polydopamine-coated
cantilevers on: (a) poly-L-lysine-coated glass (PLL); (b) graphene oxide (GO)-functionalized PLL
surfaces (PLL-GO); (c) Si wafers; (d) Langmuir-Blodgett GO films deposited on Si wafers by dip-
coating (Si-GO). The inset shows the histogram average ({Fad)), standard deviation, and number

of measurements (n). Experiments were performed in PBS buffer (pH 7.4).
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Figure S8: Distribution of rupture separation (Lr: distance from the surface at which adhesion
forces vanish) for single P. fluorescens cells on: (a) poly-L-lysine-coated glass (PLL); (b) graphene
oxide (GO)-functionalized PLL surfaces (PLL-GO); (c) Si wafers; (d) Langmuir-Blodgett GO
films deposited on Si wafers by dip-coating (Si-GO). The inset shows the histogram average ({Lr)),
standard deviation, and number of measurements (n). Experiments were performed in PBS buffer

(pH 7.4).
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Figure S9: Distribution of best-fit persistence length values (Lp), obtained from WLC model fits
to the pull-off force curve of single P. fluorescens cells on: (a) poly-L-lysine-coated glass (PLL);
(b) graphene oxide (GO)-functionalized PLL surfaces (PLL-GO); (c) Langmuir-Blodgett GO films
deposited on Si wafers by dip-coating (Si-GO). The inset shows the histogram average ({Lr)),
standard deviation, and number of measurements (n). Experiments were performed in PBS buffer

(pH 7.4).
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Figure S10: Distribution of the unfolding forces (Funt, the force measured at the sawtooth peak,
cf. Figure 3(a)), obtained from the pull-off force curve of single P. fluorescens cells on: (a) poly-
L-lysine-coated glass (PLL); (b) graphene oxide (GO)-functionalized PLL surfaces (PLL-GO); (c)
Langmuir-Blodgett GO films deposited on Si wafers by dip-coating (Si-GO). The inset shows the
histogram average ((Funf)), standard deviation, and number of measurements (n). Experiments
were performed in PBS buffer (pH 7.4).
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Figure S11: Distribution of ALc (the difference in contour length between two consecutive
sawtooth peaks), obtained from the pull-off force curve of single P. fluorescens cells on: (a) poly-
L-lysine-coated glass (PLL); (b) graphene oxide (GO)-functionalized PLL surfaces (PLL-GO); (c)
Langmuir-Blodgett GO films deposited on Si wafers by dip-coating (Si-GO). The inset shows the
histogram average ((ALc)), standard deviation, and number of measurements (n). Experiments
were performed in PBS buffer (pH 7.4).
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Figure S12: Bacterial cell probe imaged after force measurements. The bacterial cell (P.
fluorescens) was attached to the front edge of a tipless AFM cantilever using polydopamine wet
adhesive. The observed green fluorescence indicates that the cell remained viable throughout the
experiment.
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We investigated the effect of feedwater temperature on Stronger hydrophobic interactions
. ) i X Increasing fouling-layer resistance, R,
the organic fouling of reverse osmosis (RO) membranes. Experiments <

were conducted over the range 27 < T < 40 °C, relevant to feed Increasing permeance, A O—IL{NAA\:\

>

temperatures in arid, near-equatorial latitudes. Fouling by alginate, a 575

major component of extracellular polymeric substances, was investigated =5

at the nanoscale by means of AFM-based temperature-controlled =

colloidal-probe force spectroscopy (CPES). The CPES results, 3.

complemented by interfacial property characterization (contact angle, %

surface roughness, and charge) conducted under temperature-controlled § ‘ Hydrophobic
conditions, enabled us to rationalize the observed fouling kinetics in 8 JId = (1+AR.) Matoractions
cross-flow fouling experiments. We observed less severe flux loss at 35 =57 0=( ")

°C (J/Jo = 75%, t.= 24 h) compe}red t.o.27 °C (J/J, = 65%), which is due 27 Temperatusrg C) 40

to weaker adhesion forces with rising temperature. The observed

variation in the magnitude of adhesion forces is consistent with the

temperature dependence of hydrophobic interactions. At 40 °C, the observed flux loss (J/], = 68%) was similar to that at 27 °C,
despite the fact that adhesion forces are relatively weak (and similar to those at 35 °C). Analysis using a series-resistance model
shows that the foulant layer hydraulic resistance is equal at 35 and 40 °C, consistent with the CPES results. More severe fouling was
observed at 40 °C compared to 35 °C, however, due to the higher water permeance at 40 °C, which resulted in a greater flux of
foulant to the membrane. Our experiments further show that the fouling layer develops within ~2 h, during which the flux sharply
decreases by 26% at 27 °C, 19% at 35 °C, and 22% at 40 °C; thereafter, flux losses are small and temperature independent. CPFS
experiments show that this behavior is due to the foulant layer, which results in weak, often repulsive, and T-independent foulant—
foulant interactions, which hinder further foulant deposition.

reverse osmosis, hydrophobic interactions, fouling, wastewater reuse

in its various forms (organic, inorganic, colloidal, biological)
remains a key obstacle,”™'* resulting in lower permeability
and contaminant rejection,”' "' ultimately increasing energy
comsumption.12

Research over the past two decades has improved our
understanding of the link between fouling propensity and RO
membrane interfacial properties. Within the context of organic
fouling of polyamide RO membranes, low roughness,16 more
hydrophilic,”’18 and more negatively charged19 membranes
exhibit less pronounced flux losses."*"? Studies on the effect
of feedwater quality have shown that Ca** causes more severe
organic fouling (compared to Mg®* and Na*) with proteins
(bovine serum albumin) and alginate,””*" likely due to the

Population growth and climate change are exerting enormous
pressure on the world’s water resources.' > Over 2.4 billion
people inhabit highly water stressed areas (defined as those
with a water scarcity index > 0.4), many of which are in
densely populated urban agglomerations in which water
demand exceeds the watershed capacity.® In addition to
increased population, urbanization, and industrialization,
climate change is expected to increase water stress through
prolonged heatwaves that diminish surface and groundwater
. 6 : .
supplies.” There is thus an urgent need to tap into
unconventional water sources (e.g., brackish water, seawater,
and wastewater) to expand the water inventory.2’7_9 Water
recovered from secondary and tertiary municipal wastewater

effluents can supplement water resources'’ through indirect December 23, 2020
use in agricultural and urban irrigation, cooling towers, and February 1, 2021
recharge of groundwater aquifers."’ Desalination and advanced February 9, 2021

wastewater treatment by reverse osmosis (RO) have been
instrumental in sustainably extracting potable water from
unconventional water sources. Nonetheless, membrane fouling
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calcium-mediated gelation of foulants”'~** and Ca®* bridging
of carboxyl groups on the membrane and foulant.”® A higher
ionic strength results in compression of the electrical double
layer and shielding of the surface charge of both the membrane
and the foulants, resulting in a hi%her fouling rate due to a
reduced electrostatic repulsion.”***" The effect of pH is more
pronounced around the isoelectric point (IEP) of the foulant,
such that foulant—membrane electrostatic repulsion is reduced
and fouling rate increases at a pH equal to or less than the IEP
of the foulant.”””** The presence of organic matter in water
contributes to the formation of an organic fouling layer on the
surface of the membrane, which can provide nutrients to
bacteria and facilitate bacterial adhesion to the surface.”*™*"
Therefore, minimizing organic fouling can help delay
biofouling by mitigating initial bacterial adhesion to the
surface of RO membranes.””*"

The influence of the feedwater temperature on membrane
performance and fouling has attracted far less attention. Only a
few studies have been devoted to this subject,”””' ™ despite
the increasing use of membrane-based desalination and
wastewater reuse in arid, near-equatorial latitudes™ where
seawater temperatures can reach 35.5 °C.** Previous work on
the connection between RO membrane transport properties
and the feed temperature has shown that water perme-
ability’>>° increases with increasing temperature, due to lower
water viscosity’ " and higher water diffusivity.”"** As a result
of increasing temperature, permeate recovery increases®®** ™%
and energy consumption decreases due to lower pressure
requirements.’”~*" Similarly, the salt permeability coefficient,
B,, is directly proportional to the solute diffusivity, D, and
partition (solubility) coefficient K,>"**** both of which
increase with temperature, leading to a higher salt flux and
lower salt rejection.’**”*** In one study, Goosen et al.**
observed an increase in the permeate flux at a fixed applied
pressure as the temperature was increased from 20 to 40 °C for
NaCl concentrations ranging from 0 to 5% (w/v) NaCl,
suggesting that the membrane undergoes morphological
changes such as an increase in the polymer free void volume.”
Sharma and Chellam®® observed that the network pore size of
nanofiltration (NF) membranes increased with increasin§
temperature (5—41 °C). In another study, Goosen et al.’
found that correcting for viscosity changes of water with
increasing temperature did not totally account for the increase
in water permeance with increasing temperature. The
researchers suggested an interplay between the feed temper-
ature and the applied pressure that affected the membrane void
volume. Francis and Pashley™ observed that water recovery
and permeate flow increased, while salt rejection decreased,
with increasing temperature (20 to 30 °C) when treating
seawater (0.5 M NaCl) and brackish water (0.2 M NaCl) with
thin-film composite (TFC) RO membranes. Jin et al’’
attributed the lower rejection of humic acid as total organic
carbon (TOC) with increasing temperature (T = 15 to 35 °C)
to increased swelling of the polymer network voids. The rates
of fouling were similar at 25 and 35 °C while the highest flux
decline occurred at 15 °C. The higher applied pressure and the
larger size of humic acid aggregates at lower temperatures
resulted in a higher resistance of the fouling layer at these
temperatures.”’ On the other hand, Mo et al.*’ reported an
increased rate of protein fouling (50 mg L™' bovine serum
albumin) of RO membranes at higher temperatures (18 to 35
°C) and for pH values 4.9 and 7. Baghdadi et al.*® simulated
the performance of two TFC RO membranes with increasing

temperature (15—45 °C) and observed an increase in the salt
mass transfer coefficient and a decrease in salt rejection when
treating a 35 g L' NaCl feedwater at a constant hydraulic
pressure (800 psi).

Current investigations of the effect of feedwater temperature
on membrane performance are limited to bench-scale experi-
ments, which describe thermal effects on membrane transport
parameters and flux loss but offer little mechanistic in-
sight.”>*! ™3¢ To explain the connection between the feed
temperature and the observed fouling kinetics, it is necessary to
understand the thermal response of interfacial properties such
as membrane hydrophobicity, roughness, and charge. As a step
in this direction, we used colloidal probe atomic force
microscopy (AFM) measurements to probe the effects of
temperature on membrane—foulant and foulant—foulant
interactions. We then explored how the temperature depend-
ence of the interfacial properties manifests itself in RO
membrane fouling experiments using alginate, a polysaccharide
that is abundant in wastewater'”"® and in bacterial
biofilms,*° as a model foulant. Our results show that weaker
hydrophobic interactions with increasing feed temperature
(from 27 to 35 °C) initially decrease membrane fouling, but
further increases in feed temperature exacerbate fouling due to
an increase in the water permeance of the membrane.
Consequently, variation of the feed temperature reveals that
fouling is determined by a competition between membrane
interfacial and transport properties.

This paper is structured as follows. In Section 2, we describe
the experimental protocols for the colloidal-probe AFM and
dynamic fouling experiments. We discuss our results in Section
3, beginning with the effect of temperature (T) on interfacial
properties (Section 3.1); the effect of T on foulant—membrane
and foulant—foulant interactions, as determined by AFM, is
discussed in Section 3.2; and Sections 3.3 and 3.4 present the
results of membrane transport and fouling experiments,
drawing connections to the interfacial and nanoscale adhesion
properties. Concluding remarks are given in Section 4.

2.1. Reverse Osmosis (RO) Membrane. All experiments
were carried out with ESPA2-LD membranes (Hydranautics,
Oceanside, CA), a low pressure aromatic polyamide RO
membrane commonly employed in wastewater recycling.'””’
Membrane coupons (~15 X 9 cm?) were cut out from a 10 cm
diameter spiral wound element (membrane area 7.43 m?),
rinsed in ultrapure water (UP) (18.2 MQ cm, Barnstead), and
stored at S °C in UP water. The hydraulic resistance and water
permeance of the membranes were determined with a UP
water feed at 25 °C. For quality assurance purposes, only
membranes with A values within the range specified by the
manufacturer (3.5—5.1 L m™ h™' bar™!) were used for
dynamic fouling experiments. Further details on the determi-
nation of membrane transport properties are provided in
Section S.1 of the Supporting Information (SI).

The hydrophilicity and roughness of ESPA2-LD membranes
were characterized at T = 27, 35, and 40 °C. Hydrophilicity
was quantified in terms of water contact angle measurements
in a temperature-controlled goniometer (DSA30S, Kriiss).
Both the temperature-controlled goniometer chamber and
liquid dispenser were set to the same temperature, so that the
droplet and substrate were in thermal equilibrium throughout
the measurement. Root-mean-squared roughness (Rpys) was
measured in a temperature-controlled fluid cell using an atomic
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force microscope (MFP-3D-Bio, Asylum Research) in tapping
mode. The zeta potential of the membrane was determined
from streaming potential measurements using an electrokinetic
analyzer (SurPass, Anton Paar). Streaming potential measure-
ments were performed at 27 and 35 °C only (40 °C exceeded
the maximum operating temperature of the instrument).
Further details on membrane surface characterization are
found in Section S.2 of the SI.

2.2. Organic Foulant and Feed Solution Chemistry.
We used alginate, a polysaccharide,”” as a model foulant
representative of extracellular polymeric substances (EPS)** >
in secondary wastewater effluent.”>™" A 6 g L' sodium
alginate (SA) (A2033, Millipore Sigma, St Louis, MO) stock
solution was prepared in UP water before each dynamic
fouling experiment by stirring the solution for 24 h. Alginate
was dosed at a concentration of 250 mg L' to a feed solution
containing 0.45 mM KH,PO, 0935 mM NH,CI], 0.5 mM
CaCl,, 0.5 mM NaHCO;, 9.20 mM NaCl, and 0.61 mM
MgSO, at pH 7.4. The inorganic composition of the synthetic
wastewater used in all fouling experiments is representative of
the inorganic fraction of secondary wastewater effluent from
certain wastewater treatment plants in California.’”>® The
ionic strength of foulant-free synthetic wastewater was 14.7
mM (MinTEQ 3.1). The alginate concentration used (250 mg
L™") is much higher than concentrations in real systems (in
which TOC concentrations are in the 5—20 mg L'
range*”~*). An elevated concentration was used to accelerate
fouling and ensure fouling can be observed within 24 h.

2.3. Dynamic Fouling Experiments. A bench-scale
crossflow system (see Section S.1) was used for fouling, with
each experiment comprising the following stages: (1)
Membrane compaction at 500—580 psi with UP water at 25
°C until a steady-state permeate flux was achieved. (2)
Stabilization of the permeate flux at J = 20 + 1 L m™> h™*
(LMH) for 1 h at 25 °C to validate the water permeance of the
membrane (the manufacturer-specified water permeance for
ESPA2-LD membranes is 3.5—5.1 LMH bar™"). (3) Adjust-
ment of the temperature of the UP feedwater to 27, 35, or 40
°C by means of a heater/chiller (6500 series, Polyscience)
followed by overnight stabilization of the permeate flux at | =
20 + 1 LMH (this stage was used to calculate the A at each
temperature). 4 Dosing of alginate-free synthetic wastewater
into the feed tank, followed by system stabilization at the
desired temperature (27, 35, or 40 °C) at ] = 20 + 1 LMH;
this stage typically required stabilization for 4—6 days, and
included sampling of the feed and permeate conductivity to
determine conductivity rejection before fouling. (S) Dosing of
250 mg L7 alginate into the synthetic wastewater feed and
initiation of dynamic fouling at an initial flux Jy = 20 L m > h™/;
the flux loss during fouling was measured over 24 h
accompanied by sampling of the feed and permeate
conductivity and TOC content (2 and 24 h after initiation
of fouling) to calculate conductivity and TOC rejection,
respectively. The permeate flow rate was recorded every 0.2 s
at all phases (except compaction) with a digital flow meter
(SLI-2000, Sensirion, Stifa, Switzerland) and logged to a
computer. Further details on the experimental apparatus and
fouling experiments can be found in the SI.

2.4. Colloidal Probe AFM Force Spectroscopy.
2.4.1. Colloidal Probes. Carboxyl-modified latex (CML)
colloidal particles with a nominal diameter of 4 ym were
used in all AFM measurements. These polystyrene micro-
spheres have a surface rich in carboxylic acid functional

groups,”®®® which are commonly found in alginate and other

foulants.’>** According to the product specifications (Thermo-
Fisher Scientific, C37253), the CML particles are hydrophobic
at low pH and somewhat hydrophilic at high pH. However,
other studies have characterized similar CML particles as
hydrophobic.”” CML particles were received as a 4% (w/v)
suspension in deionized water and were stored at 5 °C until
use.

2.4.2. Preparation of Colloidal Probes. The protocol for
preparing the colloidal probes was adapted from those
reported by others.”***° A 20 uL aliquot of CML particle
suspension (2500X dilution) was deposited on a UV/O;-
cleaned®” glass slide and dried overnight in a desiccator. An
inverted optical microscope (Zeiss Axio Observer A.1)
integrated into the AFM was used to guide a tipless AFM
cantilever (MLCT-010 cantilever “A”, nominal k = 0.07 N/m,
Bruker) first toward a small amount of UV-curable glue
(Norland 86, Norland optical, Cranbury, NJ) deposited on the
glass slide and then toward the CML to be adhered to the
cantilever. The prepared AFM colloidal probes were then
cured in a solar simulator (xenon lamp, wavelength > 290 nm,
350 W/mz) for 30 min.

2.4.3. Experimental Conditions. The measurement of
interfacial interactions between the CML probes and the
surface of pristine and alginate-fouled ESPA2-LD membranes
was performed using an atomic force microscope (MFP-3D-
Bio, Asylum Research) equipped with a temperature-
controlled fluid cell. Force measurements were conducted at
T =27 °C, 35 °C, and 40 °C in two different systems: pristine
membranes in 20 mg L™! alginate in synthetic wastewater (a
concentration representative of the TOC levels of 5—20 mg
L% in wastewater effluent) and alginate-fouled membranes
in synthetic wastewater supplemented with 20 mg L™" alginate.
The former investigates the temperature dependence of
foulant—membrane interactions, which determine the initial
adhesion of foulant at the early stages of fouling, while the
latter measurements investigate foulant—foulant interactions in
the subsequent stages, once a foulant layer has formed on the
membrane surface.”*>*® Synthetic wastewater supplemented
with 20 mg L' alginate was freshly prepared prior to each
experiment as described in Section 2.2. The alginate-fouled
membrane substrate was prepared as described in the SI (see
Section S.1). To distinguish between real CML microsphere
adhesion and artifacts resulting from particles contaminated
with glue, control measurements were performed using a
particle-free cantilever on which we deposited a small amount
of cured glue. These measurements (performed in phosphate
buffered saline at pH 7.4 on pristine membranes) resulted in
distinctly sharp adhesion peaks compared to those of clean
CML particles. Probes suspected of glue contamination were
discarded. Only data collected with CML particles unaffected
by glue artifacts are presented and discussed.

For individual coupons, force measurements were collected
at 27 °C, then 35 °C, and finally 40 °C by ramping up the
temperature at a rate of 1 °C/min. After allowing 30 min for
the cantilever to reach thermal equilibrium, at each set-point
temperature the inverse optical lever sensitivity and spring
constant were determined (the latter according to the thermal
noise method®). Measurements at the three temperatures
were repeated in triplicate (i.e., with three different membrane
coupons) with three independently functionalized AFM
cantilevers. A total of >105 force curves were collected at
each temperature. To account for membrane surface
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heterogeneity,”’ adhesion forces were measured at each
temperature over at least 11 randomly selected spots
(collecting three force curves per spot) located at least 6 ym
apart from one another. The AFM probe was checked at the
end of every experiment to verify that the CML particle was
not dislocated and that it had remained at its original position
during force measurements.

Force curves were recorded at a 200 nm/s approach—
retraction speed, a cycle speed that results in negligible
dissipative friction on the CML particle.”' The CML probe
engaged the membrane substrate with a trigger force (Ftrigger;
defined in Figure S3 of the SI) of 2 nN, while remaining in
contact with the surface of the pristine or fouled membrane for
a dwell time of S s. A constant force was maintained between
the CML particle and membrane surface during the dwell time
by setting the feedback channel to deflection. AFM experi-
ments were performed in open-loop mode to minimize the
noise in the collected forces. The choice of trigger force was
based on calculations of the permeation drag force exerted on a
4-pm diameter particle experiencing a flux of 20 LMH, typical
of RO operation (see Section S.3). For data analysis, the
minimum measurable force—30 pN—was determined by
measuring the noise in the free end of several force curves at
each temperature. Parameters collected from the force curves
are identified in Figure S3. From the extension force curve, the
snap-in force (F,,,) is defined as the adhesion force observed
as the colloidal probe approaches the membrane sub-
strate;*"* snap-in separation (Rsmp) is identified as the
distance at which the snap-in event occurs.””’® From the
retraction force curve, the peak adhesion force (Fpeyu) is
defined as the maximum adhesion force observed as the
colloidal probe is pulled away from the membrane; the rupture
separation (R) is the distance at which interactions between
the probe and the membrane surface vanish.”’

2.5. Statistical Analysis. Unpaired two-sided homosce-
dastic (equal variance) t-tests were used to determine the
statistical significance of the results.

3.1. Characterization of the RO Membrane. The
contact angle of sessile water droplets (6,,) reflects membrane
hydrophilicity”*™®° and depends on membrane properties
(surface rou%hness, surface charge, and surface functional
groups)’®**™" as well as on external conditions such as the
water temperature’*®’ and salt concentration.”*** The effect
of temperature on 6, and the root-mean-squared roughness
(Rrys) of pristine RO membranes is shown in Figure 1. The
measured 6, at 27 °C (53.5 £ 2.5°) is similar to that reported
by other studies (43°—55°)'>® on ESPA2 membranes at
room temperature. The contact angle at 27 °C was significantly
higher than that at 35 °C (38.5 + 2.8% p < 0.01) and at 40 °C
(36.7 £3.5°% p < 0.01), but the 6,, values at 35 and 40 °C were
similar (p = 0.078). The decrease in the contact angle with
increasing temperature is a manifestation of a general surface
phenomenon: as first postulated by Zisman®® and Petke and
Ray,”” 6, decreases with rising T for common liquids whose
surface tension decreases with increasing T. It is expected that
the membrane would swell more at higher temperatures, as has
been observed with polyamide membranes,” " due to the
increasing wettability of the membrane by water. Consistent
with this expectation, we observed (Figure 1) an increase in
Rgyis of the pristine RO membrane with increasing temper-
ature (representative AFM scans at each T are given in Figure
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Figure 1. Sessile water drop contact angle (6,) and root-mean-
squared roughness (Rpys) measurements of pristine ESPA2-LD
membranes at T = 27, 35, and 40 °C (* denotes a significant
difference between the indicated samples, p < 0.05).

S1). Ryps increased from 91.8 + 12.3 nm at 27 °C to 113.7 +
15.7 nm at 35 °C (p < 0.01) and 102.8 + 14.5 nm at 40 °C (p
< 0.05), while the Rpys values at 35 and 40 °C were similar (p
= 0.0562).

The zeta potential () of ESPA2-LD membranes at 27 °C
(Figure S2) varied from —7 mV to —35 mV as the pH was
increased from 4 to 10 with { & —30 mV at pH = 7.4. The
negative charge of polyamide is due to the deprotonation of
carboxylic acid groups on the membrane surface®* and
presumably to the adsorption of hydroxide ions on uncharged
hydrophobic regions on polyamide. Hydroxide ion adsorption
is posited as the cause of the negative charge of many
hydrophobic surfaces.*””® At 27 and 35 °C we observe a
similar charging behavior at pH < 7, while a less negative { is
observed at a basic pH at 35 °C. We ascribe this behavior to a
lower extent of adsorption of hydroxide ions resulting from the
decreasing hydrophobicity of the interface at 35 °C (cf. Figure
1).

3.2. Effect of Temperature on Adhesion Forces. In this
section, we investigate the T dependence of membrane surface
forces using AFM-based force spectroscopy measurements
with a carboxylated colloidal probe (a mimic of alginate). We
considered pristine membranes as well as alginate-fouled
membranes (prepared as explained in the SI) to investigate the
T dependence of foulant—membrane and foulant—foulant
interactions. Previous work has used AFM to relate foulant—
membrane interactions to the rate of fouling, finding a strong
correlation between the fouling propensity and the strength of
adhesion forces determined by AFM.**®* On the other hand,
the effect of temperature, investigated below, has hitherto been
overlooked. We analyzed both the approach and the retraction
segments of the force curves. The approach segment provides
information about the mechanism of the adhesion of foulant
molecules as they first encounter the membrane interface, i.e.,
whether foulants experience repulsive or attractive forces
during initial adhesion (and the strength of such interactions).
The retraction segment quantifies the force necessary to detach
adhered foulants.

Before discussing the force spectroscopy data quantitatively
(Figures 2, 3, and S6—S9), a few qualitative features of the
force curves are noteworthy. Figures S3 and S4 show
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Figure 2. (a—c) Distribution of peak adhesion forces (Fpeak) of CML
colloidal probes on pristine ESPA2-LD membranes for each indicated
temperature (given in the inset along with the number of force
measurements, n). (d) Average peak adhesion force (Fpeak) at each
temperature calculated from (a)—(c) (* denotes statistical signifi-
cance with p < 0.05). Error bars denote one standard deviation. Data
were collected in synthetic wastewater supplemented with 20 mg L™
sodium alginate (fopace = S 85 Fuigger = 2 NN pH 745 [ = 14.7 mM).

representative force—distance curves, including the approach
segment as the inset, collected over pristine and alginate-fouled
membranes, respectively. The CML microsphere experiences a
small repulsive force (F,, ~ 43—50 pN; see Figure S3) as it
approaches the surface of the pristine membranes; this
repulsion is likely steric as it is observed at separations (8—9
nm) greater than the Debye length (2.5 nm at I = 14.7 mM).
At shorter separations, the polystyrene chains on the
microsphere surface eventually encounter the surface, and
the microsphere experiences a sudden attractive force known
as a “snap-in” or “jump-to-contact” spring instability:”"”” at the
snap-in point, the gradient of the particle—membrane force
exceeds the cantilever spring constant, the cantilever becomes
unstable (ie., the particle—surface force and the cantilever
elastic force are no longer in balance), and jump-to-contact
occurs. This jump-to-contact force has been attributed to the
van der Waals attractive force between the tip and the
surface.””””* The snap-in force is not observed in the approach
force curves recorded over alginate-fouled membranes (inset in
Figure S4a,b); instead, the force is repulsive throughout the
contact region, but the gradual increase in the loading force is

consistent with compression of the soft alginate layer by the
colloidal microsphere.”® The retraction force curves over
pristine membranes display sharp (often multiple) adhesion
peaks (Figure S3), presumed to be due to the stretching of
polystyrene chains upon probe pull-off. In some cases, we
observe tethering events (Figure SSa,b), which are likely due to
the detachment of alginate molecules bridging (with the aid of
Ca®*) the CML probe and the membrane surface” or
desorption”* of alginate molecules from the membrane. Over
alginate-fouled membranes, we observe adhesion peaks, likely
due to alginate desorption (Figure S4a). In addition, a fraction
of the force curves (quantified below) are repulsive during
retraction (Figure S4b), indicating that the alginate layer
prevented the adhesion events that are otherwise observed in
pristine membranes.

Next, we discuss quantitatively the force spectroscopy data
in terms of the distribution of peak adhesion, snap-in forces,
and rupture separations (defined in Section 2.4.3 and in Figure
S3). The data are plotted as histograms in Figures 2, 3, and
§6—S9. The distribution of snap-in forces (F,,,,) and snap-in
separations (R,,,) on pristine membranes is shown in Figures
S6 and S7. As shown in Figure S6d, the attraction is strongest
at 27 °C when the membrane is least hydrophilic and
smoothest (see Figure 1), with an average snap-in force (F,y,,)
of 115 pN compared to 81 pN at 35 °C (p = 0.039) and 92 pN
at 40 °C (p = 0.138). The force curves that do not display a
snap-in force (i.e., purely repulsive approach curves tallied as
the “NO” column in Figures S6a—c), representing between
31.4% and 45.7% of the forces, were assigned Fj,,, = 0 when
calculating the average in Figure S6d. A similar trend—
decreasingl_:Snap with rising T —is observed when the average
excluded the nonadhesive approaches, Figure S6e. The
probability with which snap-in events occurred (ranging
between 54.3% and 68.6%) and the distance at which snap-
in is established (R, Figure S7), ~8—9 nm on average,
showed no discernible T dependence.

Figure 2a—c shows the peak adhesion force (Fpeak)
distribution (defined in Figure S3) of the CML probes
collected over pristine membranes at T = 27, 35, and 40 °C.
The distribution of the F., at 27 °C shows more frequent
strong adhesion events (—3 nN < Foear < =2 nN) compared to
higher temperatures. Moreover, Figure 2d shows that the
average adhesion force at 27 °C (Fpeak = —1.51 + 0.78 nN) is
stronger than those at 35 °C (Fpeak = —1.18 + 0.68 nN; p =
0.0015) and 40 °C (Fpey = —1.27 £ 0.65 nN; p = 0.0174).
Adhesion forces at 35 and 40 °C were similar (p = 0.339),
which is consistent with the invariant contact angle and surface
roughness at these same temperatures (cf. Figure 1). We
expect adhesion forces to decrease at T > 40 °C, as observed
by other studies.”>” Such a range, however, is not environ-
mentally relevant and was therefore not studied in our work.
The distribution of rupture separations (R) over pristine
membranes (Figure S8), ranging between 120 and 150 nm,
was not dependent on T.

The decreasing adhesion force with increasing temperature
observed during approach (anap;' Figure S6) and retraction
(Fpears Figure 2) followed the same trend with T as the
hydrophobic interactions, suggesting that the T dependence of
organic foulant adhesion shows close resemblance to hydro-
phobic hydration phenomena. Weakening of hydrophobic
adhesion forces with rising T agree with previous force
spectroscopic experiments.%’% The decreasing magnitude of
adhesion forces is also consistent with theoretical inves-
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Figure 3. (a—c) Distribution of peak adhesion forces (Fje,) of CML colloidal probes on alginate-fouled ESPA2-LD membranes for each indicated

temperature (given in the inset along with the number of force measurements, n). Force curves in which IF

peak | < 30 pN are tallied as the “NO”

column (30 pN is the magnitude of the noise observed in the free end of force curves). (d) Average peak adhesion force (ﬁpeak) at each temperature
calculated from (a)—(c) including the nonadhesive events as Fpea = 0. (e) Average peak adhesion force (Fpeak) at each temperature calculated from
(a)—(c) excluding the nonadhesive events. Error bars denote one standard deviation. Data were collected in synthetic wastewater supplemented

with 20 mg L™ sodium alginate (f.opce = S §; Firigger
tigations showing that macroscopic surfaces become less
hydrophobic with rising T.”” As first envisaged by Stillinger,”®
hydration of large hydrophobes requires the formation of a
water-depleted interface around the solute, akin to a liquid—
vapor interface. Building on these ideas, Chandler and co-
workers showed that the free energy of hydrophobic solvation
scales with the liquid—vapor surface tension of water (y) as AG
~ 4myR* (where R is the hydrophobic solute radius).”
Accordingly, the temperature dependence of AG approaches
that of y (ie, it decreases with rising temperature), with
hydrophobic hydration becoming more energetically favorable
at higher T.”

While hydrophobic interactions appear to be the main
driving force of foulant—membrane adhesion, we cannot rule
out the possibility that adhesion is aided by Ca?*-mediated'**®
bridging interactions between the deprotonated carboxylic
groups on the CML particle and the surface of the membrane.
Both the membrane (Figure S2) and alginate are negatively
charged at pH > 6 because most of the carboxylic groups are
deprotonated” (pK, = 3.5—4.77'%'%°). The presence of
deprotonated carboxylic acid groups is suggested by the
negative charge of both the membrane (Figure S2) and
alginate.'>”?

Substantially different surface forces dominate the inter-
actions between the colloidal particle and the alginate-fouled
membrane. These results are presented in Figure 3a—c for T =
27, 35, and 40 °C, respectively. As mentioned previously, snap-
in events are absent in measurements with fouled membranes;
we observe instead repulsive forces during approach at any
temperature (see Figure S4). Repulsive forces are also
observed in 25.9—33.3% of the retraction force curves
(denoted by the “NO” column in Figure 3a—c). These
repulsive forces can be attributed to strong electrostatic
repulsion between the CML particle and the more negative

=2 nN; pH 7.4; I = 147 mM).

membrane surface in the presence of the alginate fouling
layer.'”" Wang et al.*® also attributed weaker alginate—alginate
adhesion forces to electrostatic repulsive forces resulting from
the more negative charge of alginate compared to other
foulants (bovine serum albumin and effluent organic matter).
In contrast to the pristine membrane, the average peak
adhesion force (T:Peak) over fouled membranes is significantly
weaker in magnitude and less sensitive to temperature (p >
0.05 for all pairwise comparisons) irrespective of whether
repulsive forces curves are included in the average (Figure 3d)
or not (Figure 3e).

The distribution of rupture separations (R) of CML particles
over fouled membranes at T = 27, 35, and 40 °C is shown in
Figure S9. Although R is similar for all the temperatures
investigated (p > 0.0S for all pairwise comparisons), R has a
larger value (= 0.6 pm) on the fouled membranes than on
pristine membranes (compare Figure S9 with Figure S8).
Longer rupture separations are likely due to desorption of
alginate molecules from the membrane surface during probe
retraction.

3.3. Effect of Temperature on Membrane Transport
Parameters. Having established the T-dependence of
membrane adhesive properties, we next examine the impact
of T on transport and selectivity during membrane filtration.
The effect of temperature on the membrane permeance to
water and conductivity rejection of ESPA2-LD thin-film
composite membranes is shown in Figure 4.

In agreement with previous experiments (5 °C < T < 60
°C),***?'%% A increases with the feed temperature (Figure 4)
from 3.8 + 0.3 LMH bar ' at 27 °C to 4.9 + 0.4 and 6.7 + 0.8
LMH bar™" at 35 and 40 °C, respectively. The change in
permeance with temperature is due to the dependence of A on

3

. . . . 31,39 Dym .
water viscosity and diffusivity:””" A - (Dy,m is the water
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Figure 4. Effect of temperature on the permeance to water (A) and
conductivity rejection (right y-axis) of ESPA2-LD membranes at T =
27, 35, and 40 °C. The error bars denote one standard deviation.
Alginate-free synthetic wastewater feed was used to determine
conductivity rejection (number of measurements n = 6 at 27 °C, n
=6 at 35 °C, and n = 8 at 40 °C). All data determined at a permeate
flux J = 20 + 1 LMH.

diffusivity in the membrane) and D, % (u is the dynamic

water viscosity).”’ As a result, A will be inversely proportional
to p which, in turn, varies inversely with temperature,*®'*>'%*
Another possible factor contributing to the increase in A is the
thermal expansion of the polyamide network:*' the increase in
surface roughness with T (Figure 1) is presumably due to
thermal expansion of the polyamide active layer.*" In addition,
the increase in roughness observed between 27 and 35 °C
(Figure 1)—resulting in a larger effective permeable area'*'—
may also be responsible for the increase in A'” observed
between 27 and 35 °C.

Conductivity rejection was found to be weakly dependent on
T, ranging from 97.3 & 0.6% at 27 °C to 98.6 = 0.4% and 98.2
+ 0.6% at 35 and 40 °C, respectively. While these observations
are at odds with the expected temperature dependence of the
solute diffusivity, D, and solubility, K,, in the membrane (both
D, and K; increase with increasing temperature),‘}’1’39’106 the
results in Figure 4 appear to be in agreement with other studies
showing negligible temperature dependence of the reflection
coeflicient over a similar temperature range."’2

3.4. Effect of Temperature on Organic Fouling. The
effect of temperature on alginate fouling is investigated in
Figure Sa, showing the normalized permeate flux, J/J,, as a
function of time. The time dependence of the permeate flux
exhibits common features at all temperatures, indicative of a
transition of fouling dominated by foulant—membrane
interactions to a regime determined by foulant—foulant
interactions.'”” A steep flux loss (26% at 27 °C, 19% at 35
°C, and 22% at 40 °C) within the first 2 h is followed by slow
flux decline at longer times (Figure Sa). This behavior is
consistent with our colloidal AFM data: at short time scales,
fouling is dominated by strong foulant—clean membrane
interactions (Figures 2 and S6), leading to the rapid formation
of a foulant layer and significant flux loss. At longer times scales
(t 2 2 h), weakly adhesive or repulsive foulant—foulant
interactions (Figure 3) cause J/J, to decrease at a much slower
rate. On the other hand, the extent of the flux loss is different
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Figure 5. Effect of temperature on the performance of ESPA2-LD
membranes during alginate fouling: (a) flux decline of ESPA2-LD
membranes over 24 h during accelerated fouling with 250 mg L'
sodium alginate for each indicated feed temperature given in the inset.
Due to the noise underlying the permeate flow rate measurements,
flux data was smoothed using a locally estimated scatterplot
smoothing algorithm (loess) implemented in Origin 2018 (North-
ampton, MA). (b) Average conductivity and TOC rejection after
initiation of fouling. Error bars denote one standard deviation.
Experimental conditions: initial permeate flux J, = 20 LMH; synthetic
wastewater feed (I = 14.7 mM) at pH = 7.4 supplemented with 250

mg L™ sodium alginate; crossflow velocity = 15.8 cm s™".

at each temperature. Fouling is most severe at 27 °C, with a
flux loss of 35% after 24 h compared to 25% at 35 °C and 32%
at 40 °C. The more significant fouling at 27 °C is consistent
with the stronger hydrophobic interactions at this temperature
(cf. Figure 2). However, at 35 and 40 °C different fouling
propensity does not reflect the similar adhesion forces
observed in Figure 2. Thus, interfacial behavior alone does
not explain the observed fouling behavior.

To reconcile the fouling experiments in Figure Sa with the
interfacial behavior presented in Figure 2, we quantified the
resistance contributed by the foulant layer to water transport
using a resistance-in-series model."**'%” Within this approach,
the overall transport resistance of the fouled membrane is
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given by the sum of the individual hydraulic resistances of the
polyamide (A™") and a (time-dependent) hydraulic resistance
due to the foulant layer, A{t)™". The resulting expression for
the time-dependent flux through the fouled membrane is

=——(Ap — An
J(t) A_1+Af(t)_1( p ) .

where Az is the osmotic pressure difference between the feed
and the permeate. Dividing eq 1 by the steady-state water flux
through the clean membrane [J, = A(Ap — Ax)] yields

Jo _ 1 1

A =
J 1+ %) 1 + Ry(t)A

@)

where the inverse of the permeability of the foulant layer is
expressed as a hydraulic resistance, R{t) = A{t)™". Equation 1
shows that two mechanisms could contribute to flux loss:
fouling, which increases R(t) as the foulant layer develops, and
increasing water permeance (e.g, due to T), which will also
lower J/J, due to the increased convective flux of foulant to the
membrane. Based on the characterization results, we speculate
that the smaller flux loss at 35 °C compared to 27 °C is
primarily due to the effect of the interfacial properties on the
foulant layer: a lower R, value at 35 °C results from a thinner
foulant layer due to a more hydrophilic membrane (Figure 1)
and weaker hydrophobic interactions (Figure 2) at 35 °C
versus 27 °C. The smaller R; mitigates the effect of a larger
value of A at 35 °C compared to 27 °C (Figure 4), with the net
effect being a smaller flux loss at 35 °C. Conversely, raising T
from 35 to 40 °C brings about a negligible change in interfacial
properties and Ry (similar hydrophilicity and adhesion forces,
cf. Figures 1 and 2), but a significant increase in A (Figure 4)
that results in more severe flux loss at 40 °C compared to 35
°C.

These arguments are supported by the experimental data.
Solving for R, using eq 2 with data from Figures 4 and § (Assoc
=4.9 LMH bar™!, Aygec = 6.7 LMH bar™, (J(t = 24 h)/J,)35°c
=0.75 and (J(t = 24 h)/J)40°c = 0.68) yields Ry350c = 0.07 bar
LMH™! = Ry 1-e., similar foulant layer resistances consistent
with the AFM results (Figure 2); thus, the greater flux loss at
40 °C compared to 35 °C stems from Aypec > Azsoc (Figure 4).
On the other hand, Ryy;o¢ = 0.14 bar LMH™, a significantly
higher resistance (due to stronger adhesion at 27 °C) that
causes a more pronounced flux loss compared to experiments
at higher T. As we elaborate in Section S.4 (SI), we estimate
the thickness of the foulant layer at O(10 ym) and the fraction
of foulant adhered to the membrane at ca. 3% of the total mass
of alginate. Thus, we can neglect the contribution to the slow-
down of the fouling rate resulting from a lower concentration
of alginate in the feed.

Finally, the results of conductivity and TOC rejection at
each temperature are summarized in Figure Sb. These data are
derived from measurements at t = 2 and 24 h after initiation of
the fouling experiment and are reported as a single average as
they were similar (within 1%) to one another at each
temperature. Conductivity rejection remained approximately
constant with increasing temperature, exhibiting values similar
to those of the clean membrane (see Figure 4). Similarly, TOC
rejection shown in Figure Sb is independent of temperature.
Although increased passage of dissolved alginate could be
expected with rising temperature on account of membrane
swelling,” the high TOC rejection suggests that alginate

(likely found as Ca**-complexed aggregates) is large enough
(>1 nm,""® compared to subnanometer voids in polya-
mide"'*®) to deposit on the surface of the membrane as a
fouling layer. The TOC passage observed (1.7—2.4%) is likely
due to low molecular weight impurities in alginate (e.g.,
polyphenols and proteins''"). A similar TOC passage has been
observed by previous studies with humic acid.”*

We have shown that membrane interfacial and transport
properties play competing roles during alginate fouling of
reverse osmosis membranes at different temperatures.
Colloidal probe force spectroscopy (CPFS) measurements
show that foulant—membrane interactions are markedly
temperature-dependent (Figure 2). Rising temperature weak-
ens foulant adhesion, given that foulant—membrane hydro-
phobic interactions, which become weaker with increasing
temperature, drive adhesion onto clean membranes. Con-
versely, the monotonic increase in water permeance with
temperature (Figure 4) worsens fouling, which suggests that
lower operating pressures (and hence lower fluxes) will be
needed during extreme temperature conditions (e.g, heat
waves) to avoid exposing the membrane to excessive fouling.
Interestingly, our results suggest that membrane hydrophilicity,
a key interfacial property in membrane development, becomes
less relevant at high feed temperatures, since membranes
become ipso facto less hydrophobic at higher temperatures
(Figures 1 and 2). CPFS measurements further show that the
alginate layer is self-limiting: once an adlayer of a critical
thickness is formed, deposition of additional foulant molecules
is hindered by weak (or repulsive) foulant—foulant interactions
(Figure 3), which appear to be temperature independent. Our
results also suggest possible lines for future inquiry. Under-
standing of the process conditions that lead to the formation of
the critical foulant layer is crucial for effective fouling
management. Given the preeminent role of hydrophobic
interactions in alginate fouling, experiments at lower temper-
atures (which strengthen foulant—membrane hydrophobic
interactions) should be conducted to understand fouling
under feed conditions relevant to temperate and cold climates.
These experiments would also be useful in the formulation of
cleaning-in-place formulations tailored to specific feedwater
temperatures.
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Supporting Materials and Methods
S.1. Reverse osmosis setup, membrane transport properties and fouling experiments

Reverse osmosis setup. We conducted fouling experiments in a laboratory-scale membrane
filtration system comprising a crossflow cell (CF042D, Sterlitech, Kent, WA) with 42-cm? active
membrane area and a 20-L stainless steel feed tank. The feed temperature was set by a portable
chiller (6500 series, Polyscience) equipped with a heat exchange coil immersed in the feed tank.
A high-pressure pump (HydraCell M-03S, Wanner Engineering, Minneapolis, MN) circulated the
feed solution. The permeate flowrate was recorded with a digital flow meter (SLI-2000, Sensirion,
Stiafa, Switzerland) and logged to a computer every 0.2 s. The system was operated in closed-loop
mode, recycling the permeate and retentate streams to the feed tank.

Determination of membrane permeance to water. Membranes were compacted with an ultrapure
(UP) water (18.2 MQ cm, Barnstead) feed at 500-580 psi and 25 °C until a steady-state permeate
flux was observed (typically within ~60 hours). Next, the transmembrane pressure difference was
adjusted so that the permeate flux was 20 + 1 L m2h™! (LMH), typical of wastewater reclamation
by RO, at 15.8 cm 5! crossflow velocity. At this stage, the water permeance at 25 °C (4w,25) was
calculated. Next, the chiller settings were adjusted to maintain the feed at the desired temperature,
T =27, 35, or 40 °C, and the pressure difference (Apw,r) was reduced to maintain a pure water
flux of Jwr =20+ 1 LMH at the corresponding temperature 7. The system was run overnight to
reach steady-state operation at 7, after which the water permeance at 7 (Aw,r) was calculated using
AW,T = JW,T/ ApW,T .

Fouling experiments. To begin the fouling experiment, the pure water feed was replaced with
foulant-free synthetic wastewater (SWW) with the following composition: 0.45 mM KH2POs,
0.935 mM NH4Cl, 0.5 mM CaClz, 0.5 mM NaHCOs, 9.20 mM NaCl, and 0.61 mM MgSQ4.>*
This synthetic wastewater recipe is representative of secondary effluent in certain wastewater
treatment plants in California. The system was again allowed to reach steady state at feed
temperature 7 =27, 35, or 40 °C and a baseline permeate flux J =20 = 1 LMH. The conductivity
of feed and permeate was measured using a conductivity meter with automatic temperature
compensation (WD-35604-00, Con 6+ Meter, Oakton) to determine the conductivity rejection
coefficient.* Finally, the synthetic wastewater feed was supplemented with sodium alginate (SA)
foulant solution to initiate the accelerated fouling experiment at an alginate feed concentration of
250 mg L' while recording the permetate flow for 24 hours. Feed and permeate samples were
collected 2 and 24 hours after the addition of alginate to determine conductivity and total organic
carbon (TOC) rejection. TOC was measured using a Sievers 900 portable TOC analyzer (GE
Analytical Instruments, Boulder, CO) that uses the 5310C National Environmental Methods Index
(NEMI) standard method.> The feed was diluted 20x before analysis while the permeate was
analyzed without dilution.

Fouling of Reverse Osmosis Membranes for Colloidal-Probe AFM. To perform adhesion force
measurements over a fouled membrane, an alginate layer was deposited on a pristine membrane
using a dead-end filtration cell (Amicon stirred cell 8010, Millipore). To this end, 3 mL of synthetic
wastewater (SWW) prepared as described above, supplemented with 50 mg L' sodium alginate,
was filtered through the membrane at 60 psi for 45 minutes.




S.2. Characterization of membrane interfacial properties

Contact angle: The wettability of pristine ESPA2-LD membranes as a function of temperature was
evaluated in terms of water contact angle measurements using the sessile drop method. Desiccator-
dried membrane coupons were attached to a glass slide using two-sided tape (Scotch®, 3M). A
goniometer (DSA30S, Kriiss) equipped with a temperature-controlled chamber (TC30) and
temperature-controlled liquid dispenser (TC 3212) was used to measure the contact angle of 2-uLL
water droplets deposited on the membrane substrate. Right-hand-side and left-hand-side angles
were determined from digital images using the proprietary ADVANCE software of the instrument
for a total of 20 contact angle measurements at each temperature. Measurements were collected at
least 15 minutes after both the chamber and UP water reached the set-point temperature (7' = 27,
35, and 40 °C). Contact angles were immediately recorded after the 2-ul. water drop was
deposited.

Roughness: The nanoscale surface roughness of pristine membranes was measured by tapping
mode AFM in aqueous solution using an atomic force microscope (MFP-3D-Bio, Asylum
Research) equipped with a temperature-controlled fluid cell. AFM scanning was performed in
foulant-free synthetic wastewater (/ = 14.7 mM, see section S.1 or 2.2) at 27, 35, and 40 °C using
SNL-10 probes (cantilever “C”, nominal k£ = 0.24 N/m, f'= 56 kHz, Bruker). The temperature of
the fluid cell was increased from ambient to the target temperature 7= 27, 35, or 40 °C (= 0.2 °C)
at a rate of 1 °C/min. After allowing the AFM to equilibrate at the target temperature for at least
an hour, the cantilever resonance frequency was calibrated. Three 5 x 5-pm? scans were collected
at each temperature at a 0.25 Hz scan rate, after which the root-mean-square (RMS) roughness
(Rrwms) of 5 random 1 x 1-um? subareas on each image were computed for a total of 15 Rrwms values.

Surface charge: An electrokinetic analyzer (SurPASS, Anton Paar) was used to measure the
streaming potential of ESPA2 membranes in a 1 mM KCI background electrolyte solution. Two
10 x 20-mm? membrane coupons were attached to sample holders of an adjustable gap cell. The
electrolyte solution was maintained at a constant temperature (monitored using a thermocouple
connected to the electrokinetic analyzer) by placing the solution on a heating stir plate. The zeta
potential was calculated from the streaming potential using the Smoluchowski-Helmholtz
equation. Prior to the measurements, an instrument validation run was carried out using a cotton
cloth (~ 4 x 4 cm?) following a protocol provided by the manufacturer. Streaming potential data
were collected over the pH range 4-10 by addition of aliquots of 0.05 mM NaOH or HCI.
Duplicates at each temperature were analyzed. Additional details of zeta potential measurements
can be found in our previous work.5®



S.3. Calculation of permeate drag force

The approach loading force (also known as trigger force, Figure S3) exerted on the colloidal probe
during AFM force measurements was set to a value representative of the drag force (Fp) exerted
on a colloidal particle during membrane filtration. The permeate drag force (¥p) was calculated
following the analysis by Goren®, where the resistance to the approach of a sphere is affected by
the permeability of the membrane (considered as a permeable wall).

Goren’s analysis’ leads to the following expression for the permeate drag force,
Fp = —6rua,/ Py (S.1)

where Fp, is the permeate drag force (N), and the negative sign indicates that the force is normal to
and directed toward the surface of the membrane'’; i is the dynamic viscosity of water (kg m™! s~
b; a, is the colloidal probe radius (m); Jis the permeate water flux (m s!); and @y is a
hydrodynamic correction factor to Stokes drag force.”!°

The hydrodynamic resistance to the particle motion toward the membrane decreases with
increasing permeability. When the particle is in contact with the permeable wall, the hydrodynamic
correction factor is given by Goren’ as,

o= (25 (s2)

Ap . : . .
where R, = M—I; is the membrane hydraulic resistance (m''), and Ap is the transmembrane pressure
difference (Pa),

The value of Rm of ESPA2-LD RO membranes was determined experimentally in a laboratory-
scale crossflow RO setup operating at a pure water flux / =20 = 1 LMH and 25 °C. Three
membrane specimens were thus characterized. Flux and corresponding transmembrane pressure
values are shown in Table SI. R, was calculated for each membrane specimen; the resulting
values were within the range of typical RO resistance values (5x10'* - 1x10'> m™).!! Using ap =
2 um (the radius of the CML particle), @y was calculated using equation S.2 and used to find the
drag force from S.1.



Table S1: Experimentally determined pure water flux (Jy), calculated membrane resistance (Rn,) and
permeate drag force (Fp).

Hydrodynamic
Ap (bar) Jw(LMH) R (m™M) Correction Fp (nN)
Factor @y
4.34 20.1 8.73 x 1013 1.08 x 10* 2.02
4.83 20.0 9.77 x 1013 1.14 x 10* 2.13
4.27 19.6 8.81 x 10" 1.08 x 10* 1.98
Average 2.04




S.4. Estimation of the foulant layer thickness and mass of adsorbed alginate

We computed an order-of-magnitude estimate of the mass of alginate adsorbed on the polyamide
layer as follows.

The hydraulic resistance due to the foulant (Rf) calculated from our experimental data at 27 °C,
under which the most severe fouling is observed, is 0.14 bar L'! m? h (140 bar m™' h). This is related
to the permeability (Pf) and thickness (I;) of the alginate film through'

_ b
Ry = P (R.1)
Olivas et al."’ reported values of P; ~0(107%) g m™ s Pa”' = 0(1077) m® h™! bar™ for the
permeability of water vapor in alginate films. Using this value to solve for [ we obtain,

ly = (140 bar mh)(107 m? h'! bar!) ~0(107%) m = 10 um

This estimate agrees with the thickness of alginate foulant layers (0(10) pum) following RO
filtration reported by Xie et al.'*

Finally, we can estimate the mass of adsorbed alginate (my) using the value reported by Kube et
al."” for the density of alginate (p; = 0.8755 g cm™),

my = prleAr =~ (0.8755 g em™)(107 cm)(42 cm?) = 0.037 g =37 mg

, where Af was assumed to be equal to the projected surface area of the membrane (i.e., we
assumed complete coverage of the membrane coupon by alginate). Xie et al.!* reported a surface
density of alginate foulant layers on RO membranes of ~ 0.7 mg cm™; using the same surface area
as in our system, this yields an adsorbed mass of alginate of # 30 mg, in good agreement with our
estimate based on [¢ and py.

These calculations show that the mass of adsorbed alginate is ca. 3% of the mass of alginate
available in the bulk solution (i.e., 0.25 g L'l x 4 L =1 g). We therefore conclude that the slow-
down of the rate of fouling is not due to a lower concentration of foulant in the feed. Rather, the
decreasing rate of flux loss results from weakly adhesive or repulsive foulant-foulant interactions
(Figure 3).
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Figure S1: Tapping mode AFM images of pristine ESPA2-LD membranes scanned in foulant-free
synthetic wastewater (pH 7.4; = 14.7 mM) at 27 °C (a, d), 35 °C (b, ¢), and 40 °C (c, f). Left column: 5 x
5 um?scan area. Right column: 1 x 1 um?scan area.
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Figure S2: Zeta potential () of pristine ESPA2-LD membranes at 27 °C and 35 °C determined in 1 mM
KCl solution. Duplicates are shown at each temperature.



2 r r r r n
\ Em Extension

Ftrigger mRetraction
1F
R
OF | ————————————
/ 0.25
[ R,

snap

m -
h ;| Frep
0.00 £

0.25 \

0 25 5('

0 200 400 600 800 1000
Separation (nm)

peak

Fsnap

Figure S3: Representative retraction force curve and approach force curve (shown in the inset) of a CML
colloidal probe on a pristine ESPA2-LD membrane at 27 °C. Data were collected in synthetic wastewater
supplemented with 20 mg L' sodium alginate (fcontact = 5 S; Firigeer= 2 nN; pH 7.4; I = 14.7 mM). The curve
shows the definition of the peak adhesion force (Fpeax), snap-in force (Fsnap), trigger force (Fiigger), rupture
separation (R), snap-in separation (Rsnap), and repulsive force (Fiep). The units of the x- and y-axes in the
inset are nm and nN, respectively.
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Figure S4: Representative retraction and approach force curves (the latter shown in the inset) of a CML
colloidal probe on an alginate-fouled ESPA2-LD membrane at 27 °C. Panel (a) shows a typical force curve
exhibiting repulsive interactions during extension, and weak adhesion during retraction. Panel (b) shows
the case of repulsive interactions during extension and retraction. Data were collected in synthetic
wastewater supplemented with 20 mg L' sodium alginate (Zcontact = 5 S; Firigeer= 2 n1N; pH 7.4; I = 14.7 mM).
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Figure S5: Representative retraction force curve exhibiting a tethering event during adhesion of a CML
colloidal probe at 27 °C on an ESPA2-LD (a) pristine and (b) alginate-fouled membrane (approach force
curves shown in the inset). Data were collected in synthetic wastewater supplemented with 20 mg L

sodium alginate (fcontact = 5 8; Firigger = 2 nN; pH 7.4; [ = 14.7 mM).
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Figure S6: (a-c) Distribution of snap-in forces during adhesion of a CML colloidal probe to pristine
ESPA2-LD membranes for each indicated temperature (given in the inset along with the number of force
measurements, 7). Force curves in which snap-in events were not detected are tallied as the “NO” column.
(d) Average snap-in force (anap) at each temperature calculated from (a-c) including the non-adhesive (i.e.,

purely repulsive approach) events as anap = 0 (* denotes statistical significance with p < 0.05). (e)

Average snap-in force (F'Snap) at each temperature calculated from (a-c) excluding the non-adhesive events
(* denotes statistical significance with p < 0.05). Error bars denote one standard deviation. Data were
collected in synthetic wastewater supplemented with 20 mg L' sodium alginate (fcontact = 5 S; Firigeer= 2 nN;

pH 7.4; [=14.7 mM).
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Figure S7: Distribution of snap-in distances (Rsnap) during adhesion of a CML colloidal probe to pristine
ESPA2-LD membranes. Data were collected in synthetic wastewater supplemented with 20 mg L' sodium
alginate at each indicated temperature (given in the inset along with the number of measurements () and
average snap-in distance R (£ standard deviation)). Other experimental details: Zcontact = 5 S} Firigger = 2
nN; pH 7.4; I =14.7 mM. Average snap-in distances are similar at all temperatures (p > 0.05 for all pairwise
comparisons).
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Figure S8: Distribution of rupture separations (R) during adhesion of a CML colloidal probe to pristine
ESPA2-LD membranes. Data were collected in synthetic wastewater supplemented with 20 mg L' sodium
alginate at each indicated temperature (given in the inset along with the number of measurements () and
average rupture separation R (+ standard deviation)). Other experimental details: Zcontact = 5 S, Firigger = 2 NN;
pH 7.4; 1 =14.7 mM. Average rupture separations are similar at all temperatures (p > 0.05 for all pairwise
comparisons).
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Figure S9: Distribution of rupture separations (R) during adhesion of a CML colloidal probe to alginate-
fouled ESPA2-LD membranes. Data were collected in synthetic wastewater supplemented with 20 mg L*!
sodium alginate at each indicated temperature (given in the inset along with the number of measurements
(n) and average rupture separation R (+ standard deviation)). Other experimental details: Zeontact = 5 S, Firigger
=2 nN; pH 7.4; I =14.7 mM. Average rupture separations are similar at all temperatures (p > 0.05 for all
pairwise comparisons).
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Do graphene oxide nanostructured coatings
mitigate bacterial adhesion?y

Karl Wuolo-Journey,$? Sara BinAhmed,@ia
Elise Linna® and Santiago Romero-Vargas Castrillon @<

Given its potent biocidal properties, graphene oxide (GO) holds promise as a building block of anti-
microbial surfaces, with numerous potential environmental applications. Nonetheless, the extent to which
GO-based coatings decrease bacterial adhesion propensity, a necessary requirement of low-fouling sur-
faces, remains unclear. Here we use AFM-based single-cell force spectroscopy (SCFS) to show that coat-
ings comprising GO nanosheets bonded to a hydrophilic polymer brush mitigate adhesion of Pseudomo-
nas fluorescens cells. We demonstrate low-adhesion GO coatings by grafting poly(acrylic acid) (PAA) to
polyethersulfone (PES) substrates via self-initiated UV polymerization, followed by edge-tethering of GO to
the PAA chains through amine coupling. We characterize the chemistry and interfacial properties of the
unmodified PES, PAA-modified (PES-PAA), and GO-modified (PES-GO) substrates using ATR-FTIR, Raman
spectroscopy, contact angle goniometry, and AFM to confirm the presence of PAA and covalently bonded
GO on the substrates. Using SCFS we show that peak adhesion force distributions for PES-PAA (with mean
adhesion force Fpeak = —0.13 nN) and PES-GO (Fpeak = —0.11 nN) substrates are skewed towards weaker
values compared to the PES control (Fpea = —0.18 nN). Our results show that weaker adhesion on PES-GO
is due to a higher incidence of non-adhesive (repulsive) forces (45.9% compared to 22.2% over PES-PAA
and 32.3% over PES), which result from steric repulsion afforded by the brush-like GO-PAA interface. Lastly,
we show that attachment to the various substrates is due to interactions of proteinaceous adhesins whose
force response is well described by the worm-like chain model of polymer elasticity.

While surface functionalization with graphene oxide (GO) is effective in bacterial inactivation, the modification of interfacial properties due to the

nanomaterial coating may in fact increase the bioadhesion (and biofouling) propensity of a substrate. GO is biocidal; is it also anti-adhesive? Here we
address this question using AFM-based bacterial adhesion force measurements. We show that coatings displaying low-bioadhesion properties can be
formed by binding GO nanosheets to a hydrophilic polymer brush. Our work indicates that the underlying polymer layer enables a brush-like GO coating,
which mitigates bacterial adhesion through steric repulsive forces. Conformational disorder (afforded by the polymer brush) is thus an important design
variable for environmental interfaces (membranes, sorbents) seeking to exploit the antimicrobial properties of GO.

1. Introduction

The discovery of graphenic nanomaterials (GNMs, such as
graphene, graphene oxide and reduced graphene oxide)' in
2004 unleashed a scientific revolution due to their unique

“ Department of Civil, Environmental, and Geo- Engineering, University of
Minnesota, 500 Pillsbury Dr. SE, Minneapolis, MN 55455, USA.
E-mail: Santiago@ed.ac.uk, sromerov@umn.edu; Tel: +44(0)131 651 3567

physical and chemical properties, leading to numerous po-
tential applications in water treatment and wastewater re-
use.” The high specific surface area (~2630 m*> g*)* and
single-atom-thickness of GNMs could enable them as mem-
brane materials"® and adsorbents for the removal of water
contaminants.” Moreover, the thermal properties displayed
by graphene (i.e., its ability to harvest sunlight and increase
the local temperature above the boiling point of water®), and
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graphene's high electron mobility (up to 2 x 10° em® V'
s ™), could enable electrochemical and solar-driven water pu-
rification and disinfection.

The specific application addressed by the present work
concerns graphene oxide (GO)-based biocidal coatings.”'’
Given their wide-spectrum antimicrobial activity,""* GO
nanosheets are being explored as building blocks of
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antimicrobial surfaces, aiming to inactivate water-borne bac-
teria and mitigate biofilm formation. In recent studies, GO
has been incorporated into the polymeric matrix of polyam-
ide membranes,"”™® or covalently bonded to membrane sur-
faces.'>*® Nevertheless, the underlying mechanism of bacte-
rial adhesion to GO-functionalized interfaces—the crucial
first step of biofilm formation*'—continues to be poorly un-
derstood. Moreover, recent studies have observed that GO
functionalization of inorganic and polymeric substrates can
increase their bio-adhesiveness.”>** The possible adverse
modification of interfacial properties challenges the notion
of GO films as anti-biofouling coatings. This question needs
to be addressed since the effectiveness of GO as a biocidal
nanomaterial will be compromised if it increases the adhe-
siveness of a given substrate vis-a-vis bacterial cells.

In a recent study,”® we reported that the nanoscale mor-
phology of GO coatings significantly influences bacterial ad-
hesion, with edge-tethered GO showing weaker adhesion
forces compared to immobilized layers of horizontally ar-
ranged GO nanosheets; spatial arrangement and conforma-
tional disorder of the GO building blocks thus seem essential
to realize both biocidal activity and low adhesion propensity.
Here, we investigate the extent to which GO coatings, com-
prising GO nanosheets edge-tethered to a polymer brush, are
capable of mitigating bacterial adhesion. We surmise that the
combination of hydrophilicity and conformational disorder
afforded by the GO-functionalized polymer brush is essential
to mitigate bioadhesion. To test this hypothesis, we use self-
initiated UV polymerization of acrylic acid to graft poly(acrylic
acid) (PAA) to polyethersulfone (PES) substrates, tethering GO
nanosheets to the PAA chains. We then explore the interfacial
properties of the GO coatings using atomic force microscopy
(AFM)-based single-cell force spectroscopy,”* whereby a single
Pseudomonas fluorescens cell (a Gram-negative, biofilm-
forming bacterium®>?®) is immobilized on an AFM cantilever,
enabling investigation of bacterial adhesion with nanoscale
resolution. We show that microbial adhesion to GO-
functionalized substrates is weakened compared to the GO-
free control substrates. Consistent with our AFM results, bac-
terial deposition experiments show that GO-functionalized
substrates mitigate adhesion under dynamic conditions.
Characterization of the surface interfacial properties suggests
that weaker adhesion on GO-modified substrates is a conse-
quence of steric repulsive forces derived from the GO layer,
edge-tethered to PAA brushes.

This paper is organized as follows. In section 2 we de-
scribe the substrate modification protocols, and the tech-
niques employed to characterize interfacial properties. Re-
sults and discussion are given in section 3. We close with
concluding remarks in section 4.

2. Materials and methods
GO functionalization

Substrates. All coatings investigated were formed on poly-
ethersulfone (PES) substrates. To this end, commercially
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View Article Online

Environmental Science: Nano

available PES ultrafiltration (UF) membranes were used (30
kDa molecular weight cutoff; Synder Filtration, Vacaville,
USA). PES substrates were soaked in 50% glycerin solution
and stored at 4 °C. Prior to use, substrates were rinsed with
ultrapure (UP) water (18.2 MQ cm, Barnstead, Thermo
Fisher), soaked in 25 vol% aqueous isopropanol for 24 hours,
and thoroughly rinsed again with UP water to remove resid-
ual preservatives.

Poly(acrylic acid) grafting. We used self-initiated UV graft
polymerization to grow poly(acrylic acid) (PAA) on PES.>" !
PAA chains were subsequently used to functionalize sub-
strates with GO. A schematic diagram of the surface modifi-
cation protocol is given in Fig. 1. An aqueous acrylic acid
(AA) solution (10 vol%) was prepared from a 99% AA stock
solution (Sigma Aldrich) with UP water. PES coupons (9 x 14
cm?) were attached to PTFE frames with a holding volume of
112 mL. The PES substrates and the AA solution were
brought to a glove box, from which oxygen had been purged
to a concentration < 500 ppm. The solution and the sub-
strates were left to equilibrate with the atmosphere inside the
glove box for 15 minutes to lower the dissolved oxygen con-
centration in the AA monomer solution. Next, 10 vol% AA so-
lution was poured over the PES (affixed to the PTFE frame)
and allowed to soak the PES substrate. After 15 minutes, ex-
cess AA solution was removed, leaving a thin liquid film of
AA monomer solution on the surface (Fig. 1 (a)). Ensuring
that the monomer solution is cast as a thin film increases UV
penetration depth, thus accelerating the polymerization ki-
netics on the substrate. Subsequently, the AA-soaked PES sur-
face was irradiated with a UV lamp (Spectroline Model EF-
160C) positioned ~2 cm above the substrate for times rang-
ing from 10 to 60 seconds. After irradiation, the substrate
was rinsed thoroughly and soaked in UP water for 24 hours
to remove unreacted monomers. This step resulted in PAA-
functionalized PES substrates (Fig. 1 (b)), which hereinafter
we designate as PES-PAA.

Substrate functionalization with GO. Single-layer graphene
oxide (GO) was purchased from Cheap Tubes (Grafton, VT,
USA). Characterization by AC mode AFM revealed an average
nanosheet thickness of 0.8 + 0.1 nm, consistent with single
sheets,”” and sub-micron lateral dimensions (Fig. $1 (a) and
(b)t) in agreement with the manufacturer's specifications
(i.e., 300-800 nm). A negative zeta potential was observed
over the pH range ~1.5-9 for GO in aqueous dispersion (Fig.
S$1 (c)t) (consistent with previous work®?), indicative of depro-
tonation of carboxylic acid groups in the nanosheet edges.'’
The oxygen content of GO was 35-45%, per the manufac-
turer's specifications. The Raman spectrum of GO nanosheets
deposited on a silicon wafer (Fig. S1 (d)f) exhibited the D
(~1350 em™) and G (~1590 cm™) bands characteristic of
GO.*® Substrates were functionalized with 250 ug mL™ GO
dispersions prepared from 2 mg mL™ stock dispersions,
which were rendered colloidally stable through bath sonica-
tion for 24 hours. PES-PAA substrates were functionalized
with GO by adapting the procedure developed by Perreault
et al.,"® which is based on amine coupling.** Carboxylic acid

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic diagram of polyethersulfone (PES) surface modification with graphene oxide (GO). (a and b) Self-initiated UV polymerization re-
sults in growth of poly(acrylic acid) (PAA) chains from acrylic acid (AA) monomers in aqueous solution, yielding PES-PAA substrates. (c) EDC/NHS-
mediated amine coupling binds ethylenediamine (ED) linkers to the PAA chains, resulting in PES-PAA-ED substrates. (d) EDC/NHS-activated GO
nanosheets react with primary amines in the ED linker to covalently tether GO to the substrates (yielding PES-GO substrates).

functional groups in the grafted PAA chains were activated to
amine-reactive ~ esters with 4 mM  1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC, 98%,
Sigma) and 10 mM N-hydroxysuccinimide (NHS, 98%, Sigma),
buffered at pH 5 with 10 mM MES (BioXtra, Sigma)
supplemented with 0.5 M NaCl. The EDC-NHS activation
step was carried out for 60 minutes under ambient condi-
tions on a benchtop shaker at 30 rpm. Substrates were then
rinsed gently with UP water. The amine reactive esters on the
PES-PAA surface were subsequently contacted with 10 mM
ethylenediamine solution (ED, BioXtra, Sigma) buffered at
pH 7.5 by 10 mM HEPES (99.5%, Sigma) with 0.15 mM NaCl.
The ED amine coupling step proceeded for 30 minutes,
resulting in PES-PAA-ED substrates, as shown schematically
in Fig. 1 (c). Next, the carboxylic acid functional groups deco-
rating the GO nanosheet edges'® were activated to amine re-
active esters in a similar way. A GO dispersion (10 parts, 250
pg mL™") was mixed with 2 parts 100 mM MES buffer,
followed by 1.75 parts 20 mM EDC in 10 mM MES buffer,
and 1.75 parts 50 mM NHS in 10 mM MES buffer. The pH of
the solution was then lowered to 5.5 by addition of 1 M HCI
dropwise (to minimize flocculation of GO nanosheets), and
allowed to react for 15 minutes. Subsequently, the pH was
raised to 7.2 by addition of 1 M NaOH dropwise. The GO dis-
persion was poured over the ED-functionalized surface (PES-
PAA-ED), covered, and allowed to react for 1 hour on a
benchtop shaker at 30 rpm. Reaction between the amine-
reactive esters in GO and the primary amine groups on the
surface of the ED-modified substrate resulted in covalent
linkage of the GO nanosheets to produce PES-GO substrates
(Fig. 1 (d)). Finally, PES-GO samples were thoroughly rinsed
and sonicated for 5 minutes to remove non-covalently
bonded GO. All substrate samples were stored in ultrapure
water at 4 °C for up to 3 weeks until use.

This journal is © The Royal Society of Chemistry 2019

Interfacial characterization techniques

Raman and Fourier-transform infrared spectroscopy
(FTIR). Attenuated total reflectance (ATR) FTIR was used to
characterize the surface chemistry of the substrates. Spectra
of desiccator-dried specimens of each substrate type were ac-
quired in an FTIR spectrometer (Nicolet Series II Magna-IR
System 750) equipped with an ATR cell. The spectra were col-
lected in terms of % reflectance at a resolution of 0.241 cm ™"
Raman spectra were obtained with an Alpha300R Raman
microscope (Witec). For each specimen, we acquired 20 x 20
um?> Raman scans at a 0.5 pm resolution, on randomly cho-
sen sections of the substrates. At each point in the 2D scan,
we computed the ratio of the area under the D band of GO
(observed at 1350 cm™*)** and the area under a prominent
PES peak (observed at 1146 cm™") to generate maps character-
izing the spatial distribution of GO nanosheets. In addition,
a mean Raman spectrum was generated by averaging the
spectra collected at each point on the 2D scan.

Contact angle, surface charge, and nanoscale roughness.
Substrate hydrophobicity was characterized in terms of oil-in-
water contact angle measurements using the captive bubble
technique. We performed measurements with a Ramé-Hart
Model 200 goniometer; images were analyzed with the DROP
Image software (Ramé-Hart). For captive bubble measure-
ments, substrates were affixed to a surface with the function-
alized side facing a liquid cell containing ultrapure water. A
J-shaped needle was used to inject n-decane droplets (~10
pL). We performed >14 contact angle measurements across
three independently functionalized specimens of each sub-
strate type. The surface charge of the substrates was charac-
terized via streaming potential measurements using an
electrokinetic analyzer (SurPass, Anton-Paar) equipped with
an adjustable gap cell at a gap size of 120 um. Streaming

Environ. Sci.: Nano, 2019, 6, 2863-2875 | 2865
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potential was measured from pH 10 to pH 4 in 1 mM KCI so-
lution, and the zeta potential was determined from the
streaming potential using the Smoluchowski-Helmholtz
equation.®® Three specimens of each substrate type were
characterized. The nanoscale roughness of the substrates was
investigated with an MFP-3D-Bio AFM (Asylum Research)
equipped with a liquid cell. AC mode AFM scans (5 x 5 um?,
scan rate = 0.25 Hz) of two specimens of each substrate type
were obtained in phosphate-buffered saline (PBS) at pH 7.4
using a silicon nitride cantilever (SNL probe “C”, nominal k =
0.24 N m™', Bruker). Surface topography was quantified in
terms of the root-mean-squared roughness (Rgys) determined
in 1 x 1 pm? areas of each of the AFM scans for a total of
8 roughness calculations for each substrate type.

Single-cell force spectroscopy (SCFS). The adhesion of P.
fluorescens cells to the surface of control and functionalized
substrates was quantitatively investigated using single-cell
force spectroscopy (SCFS). Bacterial cells were grown and
cultivated following the protocol provided in the ESLf{ The
experimental procedure of SCFS, outlined below, is provided
in detail in our recent publication.®® An individual P.
Sfluorescens (ATCC 13525) cell was adhered to a tip-less AFM
cantilever (MLCT-O10 probe “C”, nominal k = 0.01 N m™*,
Bruker) on which a polydopamine wet adhesive layer had
been deposited from a dopamine hydrochloride solution (4
mg of dopamine hydrochloride per milliliter of Trizma
buffer, pH 8.5) shortly before adhering the cell. The cell was
adhered with its long axis parallel to the leading edge of the
cantilever, an orientation that maximizes adhesion contact
area. Bacterium orientations probing adhesion via the flagel-
lar pole were not studied, due to the risk of cell detachment
during force collection. An MFP-3D-Bio AFM (Asylum Re-
search) integrated to a Zeiss Axio Observer Al inverted opti-
cal microscope was used to perform cell adhesion force
measurements. All forces were determined at room tempera-
ture (25 °C) in a liquid cell filled with PBS, pH 7.4. Force
curves, comprising extension-retraction cycles, were carried
out at a cantilever speed of 400 nm s™', a piezo dynamic
range of at least 3 um, a trigger force (the maximum force
applied to the cell as it contacts the substrate) of 600 pN,
and a dwell time of 0 s (i.e., the bacterial cell was immedi-
ately retracted from the substrate upon reaching the trigger
force). For each substrate type, a total of >98 force curves
were collected with at least 2 independently cultivated bacte-
rial cells, on >2 different substrate specimens of each type.
Force curves were acquired at randomly chosen sites on the
substrate. At each randomly chosen location, up to three
force curves were collected to minimize deposition of extra-
cellular polymeric substances on the substrate. After each ex-
periment, the cell viability was determined using a live/dead
assay (BacLight, Thermofisher). Only data collected with a
live cell that remained at its initial location were reported.

Statistical analysis. Unless stated otherwise, two-sided un-
paired ¢-tests, presuming unknown but equal population vari-
ances (ie., assuming homoscedasticity), were conducted to
determine the statistical significance of the results.
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3. Results and discussion
Interfacial characterization

We used an array of surface analytical techniques to charac-
terize the chemistry and morphology of the various
substrates.

Surface chemistry. Given the prominent IR bands present
in the AA monomer, we used FTIR spectroscopy to assess the
efficacy of PAA grafting. AA polymerizes on the substrate due
to UV-generated free radicals formed on the PES surface,
which react with the vinyl double bond of the AA molecule,
leading to the formation of PAA chains covalently bonded to
the substrate.>® The degree of grafting (i.e., the extent of AA
polymerization on the PES substrate), and the kinetics of
polymerization, are influenced by the UV irradiation time
and UV wavelength.”>*” PES substrates soaked with a thin
liquid film of 10 vol% AA solution were exposed to UV light
for 10-60 seconds. The FTIR results for the PES control and
PES-PAA substrates are shown in Fig. 2. The peak at 1580
cm', observed in all samples, is due to vibration of the aro-
matic rings in PES.*®* In addition, we observe IR bands
resulting from carboxylic acid groups in PAA, namely a peak
at 1700-1730 ecm " due to C=O stretching vibration,** and
multiple bands in the 2500-3300 cm™ range due to COO-H
stretching.?® These peaks increase monotonically with irradi-
ation time, in line with increasing degree of PAA grafting.*”
In the remainder of the study we focus on substrates fabri-
cated with a 10 s UV irradiation step, which resulted in mate-
rials with nanofiltration-like water permeability coefficient
and divalent ion rejection (see ESIT for methods and results).
Irradiation times > 10 s resulted in a dense PAA layer and a
steep loss in water permeability.

The FTIR spectra of the PES, PES-PAA (10 s UV irradia-
tion) and PES-GO substrates are presented in Fig. 3. The
spectrum corresponding to PES-GO shows an increase in the
COO-H stretching band at 3300 cm™ relative to PES-PAA,
which can be attributed to carboxylic acid functional groups
present in the GO nanosheet edges.'® In addition, PES-GO
presents a peak at ~2900 cm™' absent in the other substrates,

100 4 W
;\? ~ —
~ 80
@

[&]
c
IS
S 60 ‘ PES ]
5 —— PES-PAA (10's)
id . ——— PES-PAA (20 s)
401 —— PES-PAA (40's) |
—— PES-PAA (60 s)
20 T T 7/ T T T
1500 1600 1700 2500 2750 3000 3250

Wavenumber (cm™)

Fig. 2 FTIR spectra of PES and poly(acrylic acid) (PAA)-functionalized
PES substrates (PES-PAA, prepared with different UV irradiation times
noted in the caption).
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which is likely an N-H stretching vibration band (typically
observed at 3100-3500 cm " *°) due to primary amines that
remain unreacted after GO modification.

We confirmed the presence of graphene oxide on the PES-
GO substrates using Raman spectroscopy. The average of
1600 spectra scanned over a 20 x 20 um? area of each speci-
men is presented in Fig. 4. The PES-GO substrate promi-
nently shows the G and D bands of graphene oxide,*® thus
confirming functionalization of PES with GO. All substrates
show similar chemical signatures due to polyethersulfone,
e.g., peaks at 790, 1070, 1107, 1146, 1580 and 1601 cm™.*°

We used confocal Raman mapping to assess the spatial
distribution of GO on the PES-GO substrates. The results are
presented in Fig. 5. The PES-GO map (Fig. 5 (c)) exhibits
high brightness regions indicative of the presence of GO
nanosheets throughout the scanned area (the intensity of
each pixel is proportional to the ratio of the area under the D
peak of GO to that under the polyethersulfone peak at 1146
ecm™'). Conversely, neither the PES nor the PES-PAA Raman
maps (Fig. 5 (a and b)) exhibit signatures of GO. The data in
Fig. 5 consequently show that the modification protocol en-
ables the formation of uniform layers of tethered GO nano-
sheets on the PES substrates.

Interfacial properties. We investigated the interfacial prop-
erties which are known to influence biofouling propensity:
hydrophobicity, nanoscale roughness and surface charge.***
To characterize the hydrophobicity of each substrate type, we
measured the contact angle of n-decane droplets in aqueous
suspension using the captive bubble technique. The angles
shown below are measured from the substrate, through the
aqueous phase, to the n-decane interface, so that smaller
values indicate poor wetting of the substrate by the n-decane
droplet (i.e., greater hydrophilicity). The results, presented in
Fig. 6 (a), show that PES-PAA (0,.pecane = 20.6 = 4.3°) and
PES-GO samples (@npecane = 19.7 = 5.4°) are significantly
more hydrophilic (p < 0.01) than the control PES substrate
(Bn-pecane = 53.1 * 3.9°). PES-PAA and PES-GO showed approx-
imately equal contact angles (p = 0.6). We attribute the low
wettability of PES-PAA and PES-GO surfaces by a hydropho-
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Fig. 3 FTIR spectra of control (PES), poly(acrylic acid) (PAA)-
functionalized PES (PES-PAA, 10 s UV irradiation), and GO-
functionalized (PES-GO) substrates.
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bic liquid (n-decane) to the abundance of H-bonding func-
tional groups in PAA- and GO-functionalized surfaces (ie.,
-COOH groups in PES-PAA; hydroxyl, and -COOH groups in
GO," all of which are absent in PES).

We characterized the surface charge of the substrates in
terms of the {-potential as a function of pH. The results are
presented in Fig. 6 (b). All substrates (including pristine
PES**) exhibited negative zeta potentials over the pH range
investigated. At pH 7.4, (i.e., the condition at which we char-
acterized other interfacial properties such as surface rough-
ness, and microbial adhesion), all specimens show a similar
zeta potential value of ~-30 to —40 mV, suggesting that sur-
face functionalization does not significantly modify the
charge of the interface at this pH. PES-PAA and PES-GO sam-
ples are negatively charged primarily due to deprotonation of
carboxylic acid groups with increasing pH.'”*> While PES
does not have acidic functional groups, its negative zeta po-
tential is due to adsorption of hydroxyl ions.**

Surface roughness influences fouling, with rougher sub-
strates exhibiting greater biofouling and colloidal fouling
propensity.*>™*® We determined the RMS roughness (Rpys) of
the hydrated substrates using AFM. Representative 2 x 2 um>
AFM scans along with average Rgys values are shown in
Fig. 7. We observed a relatively smooth interface in the PES
substrate with low surface roughness (Rgms = 2.51 + 0.49 nm,
¢f. Fig. 7 (a)). On the other hand, the grafted PAA chains in-
crease the Rgys of the PES-PAA substrate (Rgys = 5.74 + 2.18
nm, ¢f. Fig. 7 (b)) compared to the PES control (p < 0.01).
The negatively charged tethered PAA chains exist in a col-
lapsed (i.e., non-extended) conformation given that the high
ionic strength of PBS (162 mM) results in screening of
electrostatic repulsions.” PAA chain collapse yields the
rough, peak-and-valley interfacial structure shown in
Fig. 7 (b). Upon edge-tethering GO nanosheets to the PAA
surface, we observe an interface with lower Rgys (Rrms = 3.63
+1.17 nm, ¢f. Fig. 7 (c)) compared to PES-PAA (p = 0.03). GO
nanosheets appear to cover the rougher PAA interfacial fea-
tures, thus decreasing Rryms. This “smoothing over” is possi-
bly caused by GO nanosheets tethered to the PAA layer

Environ. Sci.: Nano, 2019, 6, 2863-2875 | 2867


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9en00499h

Open Access Article. Published on 26 July 2019. Downloaded on 5/3/2021 9:06:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Environmental Science: Nano

(a) (b) (c)

Fig. 5 Raman spectroscopy maps of (a) pristine PES, (b) poly(acrylic acid) (PAA)-modified PES (PES-PAA), and (c) GO-modified PES (PES-GO)

substrates.
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Fig. 6 (a) Contact angles of n-decane droplets (0,-pecane) ON the various substrates, determined in ultrapure water via the captive bubble tech-
nique. Error bars denote one standard deviation (n > 14). (b) {(-Potential as a function of pH of pristine PES, poly(acrylic acid) (PAA)-modified PES
(PES-PAA), and GO-modified PES (PES-GO) substrates. The {-potential results shown for each substrate type are the average of three indepen-
dently modified specimens (error bars indicate one standard deviation).

(a) PES (b) PES-PAA (c) PES-GO
(RRMS =251+049 nm) (RRMS =574+2.18 nm) (RRMS =3.63+1.17 nm)

00 00

Fig. 7 AC mode AFM images of (a) pristine PES, (b) poly(acrylic acid) (PAA)-modified PES (PES-PAA), and (c) GO-modified PES (PES-GO) substrates.
The caption denotes the root-mean-squared roughness (Rgms) computed from eight 1 x 1 um? sections sampled over two different 5 x 5 um? scans
of each substrate type. AFM scans and Rgms were obtained in PBS (pH 7.4).

through multiple sites along the sheet periphery (effectively = adhesion, the first step in biofouling. GO coatings that are
acting as a crosslinker of PAA chains). both biocidal and anti-adhesive are preferable to those that

Bacterial adhesion. We now investigate bacterial adhesion  afford only bacterial inactivation (without preventing bacte-
onto GO-functionalized substrates. Our aim is to examine ria, and bacterial debris, from adsorbing). While previous
whether GO substrate functionalization mitigates bacterial =~ work on GO-functionalized polyamide membranes has shown

2868 | Environ. Sci.. Nano, 2019, 6, 2863-2875 This journal is © The Royal Society of Chemistry 2019
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that GO coatings may exert dual biocidal/anti-adhesive func-
tions,?° recent studies have shown that GO nanosheets in-
crease the adhesiveness of inert Si substrates®® and weakly
adhesive polymeric spacer substrates.*® Here we explain these
seemingly contradictory results. Lastly, we elucidate the mo-
lecular determinants of adhesion by analyzing the interac-
tions of bacterial adhesin molecules (proteinaceous struc-
tures such as pili and outer membrane proteins®®") with the
various substrates.

A representative force-distance curve, showing a typical ex-
tension-retraction force cycle, is presented in Fig. 8. For each
retraction force curve, we recorded the peak adhesion force,
Fpear, defined as the binding force with the highest magni-
tude, and the rupture separation, R, i.e., the separation at
which cell-substrate forces vanish (c¢f. Fig. 8). We set the trig-
ger force (Fr,, defined as the force exerted on the bacterium
when it contacts the substrate, ¢f. Fig. 8), to 600 pN; this
value is of the same order of magnitude as the permeation
drag force experienced by similarly-sized colloidal particles
during low-pressure membrane filtration.>>

Fig. 9 (a—c) presents the distribution of P. fluorescens peak
adhesion forces (Fpeai) Observed over the different substrates.
The “NO” column in the histograms corresponds to measure-
ments in which weak adhesion (< 30 pN, equivalent in mag-
nitude to the noise level in the force) or no adhesion peaks
were observed (see Fig. 8 (inset) for a representative non-
adhesive force curve).

We observe a broad distribution of peak adhesion forces
for all substrates (¢f: Fig. 9 (a)-(c)), with the majority of adhe-
sion events occurring in the =~ 0 to 0.5 nN range, typical of
bacterial adhesion.”® Further, we observe that adhesion
forces are substrate-dependent. Among the surfaces studied,

0.7 E—
064 --
0.51
0.4
0.31
0.2
0.1
0.0
011
021 ]
02 -01 00 01 02 03 04 05 0.6
Separation (um)

Fig. 8 Representative extension-retraction force cycle recorded over
PES with a P. fluorescens bacterial probe. The curve shows the
definition of the trigger force (Fy,), peak adhesion force (Fpear), and
rupture separation (R). The inset shows a representative non-adhesive
retraction force curve recorded over PES, and a digital image of a bac-
terial probe.

—e— Extension
—e— Retraction 1

Force (nN)
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PES-GO exhibits the lowest probability of adhesion, with
45.9% of measurements showing no-adhesion events, com-
pared to 22.2% for PES-PAA and 32.3% for PES. We observe
three consecutive non-adhesive force curves in 15% (PES-
PAA), 21% (PES), and 25% (PES-GO) of the loci probed, i.e., a
similar trend to that of the probability of observing non-
adhesive events across the whole surface. Consistent with the
(quasi-static) AFM measurements, bacterial deposition experi-
ments (Fig. S2t) show that the extent of irreversible adhesion
is lowest on PES-GO. Fig. 9 (d), presenting the average of all
forces (Fpear), shows that adhesion is strongest on PES, while
PES-GO displays the weakest mean adhesion: Fpey = —0.11
(+ 0.17) nN for PES-GO vs. —0.18 (+ 0.18) nN for PES (p =
0.006). PES-PAA substrates also demonstrated weaker adhe-
sions (Fpeak = —0.13 (+ 0.11) nN) compared to PES (p = 0.008),
while similar adhesiveness was displayed by PES-PAA and
PES-GO (p = 0.6).

A more nuanced adhesion behavior arises when we ex-
clude the non-adhesive measurements from the calculation
of the mean. The results, presented in Fig. 9 (e), show that
PES substrates still reveal the strongest mean adhesion, i.e.,
Fpeak = —0.27 (+ 0.15) nN. On the other hand, PES-PAA ex-
hibits the weakest mean adhesion forces with Fpe, = —0.16
(£ 0.10) nN, compared to —0.21 (+ 0.18) nN for PES-GO (p =
0.04). Consequently, Fig. 9 shows that, while PES-GO sur-
faces display the lowest probability of P. fluorescens attach-
ment (ie., highest incidence of non-adhesion events, as
shown in Fig. 9 (c)), adhering bacteria engage the GO sub-
strate with forces that are stronger than those observed over
PES-PAA, and only somewhat weaker than those observed
over PES (Fig. 9 (e)).

The picture emerging from Fig. 9 indicates that edge-
tethering GO to a PAA coating decreases the mean adhesion
force (Fpear) Oof P. fluorescens compared to the unmodified
PES surface (¢f Fig. 9 (d)). However, it is important to note
that the lower Fpe, observed on PES-GO (Fig. 9 (d)) is due to
a high incidence of non-adhesive events on the GO-
functionalized substrate (¢f. Fig. 9 (c)), which offsets the rela-
tively strong adhesion forces exhibited by cells that do suc-
cessfully adhere to the PES-GO surface (Fig. 9 (e)).

Fig. 10 presents the distribution of the rupture separation
(R) over the different substrates. R is also distributed broadly,
with mean values (R) around 1 pm that are a reflection of the
adhesins, namely pili and flagella, that mediate P. fluorescens
binding to substrates.”®>® Fig. 10 further shows that longer
ranged interactions are observed over PES (R = 1.2 (+ 0.9
pm)) compared to PES-PAA (R = 0.7 (+ 1.0 pm), p = 0.002)
and to PES-GO (R = 0.8 (+ 0.5 um), p = 0.008), suggesting that
more sites along individual adhesins bind to the PES sub-
strate. It is also possible that higher R observed on the PES
substrate indicates that several adhesins of different contour
length mediate attachment on PES.>® R thus displays behav-
ior in line with the adhesion forces reported in Fig. 9 (d),
since longer ranged forces are observed on more adhesion-
prone PES substrates. Moreover, in view of the lower R ob-
served over PES-GO and PES-PAA, Fig. 10 shows that the

Environ. Sci.. Nano, 2019, 6, 2863-2875 | 2869
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Fig. 9 Distribution of peak adhesion forces (Fpeax) Of single P. fluorescens cells on: (a) pristine PES; (b) poly(acrylic acid) (PAA)-modified PES (PES-
PAA); (c) GO-modified PES (PES-GO). The inset shows the number of force measurements (n). Measurements were performed in PBS at pH 7.4. (d)
Mean peak adhesion forces (Fpea) computed from (a)-(c), including non-adhesive events (Fpeax = O NN). (e) Mean peak adhesion forces excluding
non-adhesive events. Error bars in (d) and (e) indicate the standard deviation. Pairwise comparisons denoted by * indicate statistical significance (p

< 0.05).

range of cell adhesion forces is determined by microbial
adhesins, and that extension of poly(acrylic acid) chains dur-
ing cell pull-off does not contribute significantly to R.

We turn to the interfacial properties presented in Fig. 6
and 7 to explain the differences in adhesive behavior among
the three substrate types. Weakening of cell-substrate forces
in PES-PAA (c¢f Fig. 9 (d and e)) compared to PES is due to
the PAA coatings resulting in more hydrophilic substrates (cf:
Fig. 6 (a)), which mitigate adhesion of P. fluorescens bacteria
reliant on hydrophobic interactions.*****® In addition, PAA
chain compression results in a steric repulsive force that con-

30
(a) PES
20 R=1.2(£0.9) ym
n=67
10 77@ %
—~ 30 m 2% 707
G {
S 7 (b) PES-PAA
> R=0.7 (£1.0) pm
2 2197 n=77
g 10 7
g i,
I 30 — — —
(c) PES-GO
20 R=0.8 (+0.5) ym
- n=53
10
0

R (um)

Fig. 10 Distribution of rupture separations (R), defined as the distance
at which cell adhesion forces vanish, for various substrates: (a) pristine
PES; (b) poly(acrylic acid) (PAA)-modified PES (PES-PAA); (c) GO-
modified PES (PES-GO). The inset shows the histogram average (R
(+ standard deviation)), and number of measurements (n). Measure-
ments were performed in PBS at pH 7.4.
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tributes to weaker bioadhesion.”””® We note that long-range

electrostatic repulsive forces, involving the negatively charged
substrate (Fig. 6 (b)) and bacterium, are absent in PBS (Debye
length = 0.75 nm). We observe two effects upon
functionalization with GO. First, an increase in the frequency
of non-adhesive events compared to PES and PES-PAA (cf
“NO” column in Fig. 9 (a-c)), which we attribute to the layer
of GO nanosheets that is covalently tethered to PES-PAA; this
GO coating lowers the roughness of the interface (cf. Fig. 7)
thus decreasing adsorption surface area, and results in an ad-
ditional steric barrier that limits binding of the microbe*
(similarly, higher surface roughness in PES-PAA explains its
lower incidence of non-adhesive events compared to PES).
Second, we observe an increase in the mean adhesion force
relative to PES-PAA (as shown in Fig. 9 (e), which excludes
non-adhesive observations). In view of the similar contact an-
gles of PES-PAA and PES-GO (c¢f. Fig. 6 (a)), the stronger ad-
hesion on the GO-coated substrate cannot be explained by a
macroscopic view of hydrophobicity. At the nanoscale, how-
ever, GO is known to be amphiphilic, possessing hydrophilic
sheet edges,’® and basal surfaces featuring hydrophobic
graphenic domains.'”* These nanoscale hydrophobic re-
gions embedded in GO serve as sorption sites for hydropho-
bic molecules,’®™®* and thus can bolster microbial adhesion
through interactions with hydrophobic adhesins.>*

Role of adhesin molecules in microbial adhesion. Fig. 11
and 12 discuss the molecular-level determinants of bacterial
adhesion. Force measurements on all three substrates exhibit
adhesion peaks such as those shown in Fig. 11, whose char-
acteristic shape results from stretching and unfolding of sin-
gle biopolymer molecules.®® Examination of these extension
events can therefore provide additional insight into the role
of adhesin molecules, such as pili, outer membrane proteins

This journal is © The Royal Society of Chemistry 2019
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and lipopolysaccharides, in microbial adhesion.*® Two
models are commonly used to describe the elasticity of single
biopolymers under force: the worm-like chain (WLC) model,
which describes the mechanics of protein domains; and the
extended freely-jointed chain (FJC) model, known to describe
the elasticity of polysaccharide molecules.®* In our data only
a small fraction of extension events (< 3%) were well de-
scribed by the FJC model (see Fig. S3} for representative FJC
fits on the three substrates); these rare events are due to the
extension of polysaccharides on the surface of the bacterial
cell, or stretching of PAA chains (known to exhibit FJC me-
chanics®®) on the PES-PAA or PES-GO substrate. On the other
hand, WLC extension events are far more common, and we
analyze them in detail below. We find that 33% of all force
measurements collected on PES and PES-PAA substrates, and
26% of measurements collected over PES-GO, exhibit single-
molecule extensions that can be quantitatively described by
the WLC model. In the WLC model, the elasticity of macro-
molecules under tension is given by the following force (F)-
elongation (z) equation:

)
F(z)sz—T [1—Zj LA (1)
ar |\ L) L

where L, is the persistence length (a measure of the flexibility
of the polymer chain), L. is the contour length (i.e., the total
length of the unraveled polymer chain), kg is Boltzmann's

constant, and T = 298.15 K is the absolute temperature. Non-

—— Retraction

— WLC
PES

Fig. 11 Enlarged view of retraction force curves, showing single-
molecule extension events and corresponding worm-like chain (WLC)
fits for various substrates, indicated in the caption.
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linear regression of the force-distance data using the WLC
model (carried out with the WLC fitting function in IGOR Pro
6.3) results in best-fit L, estimates (Fig. 12 (a)) across all sub-
strates with an average value L, ~ 0.3 nm, in line with the
persistence length of proteins,®>°>®” thus suggesting outer
membrane proteins (such as LapA in P. fluorescens®) as the
adhesins mediating microbial attachment.

We further observe multiple WLC events in a single force
measurement (cf. Fig. 11), allowing us to calculate the num-
ber of WLC extensions per force curve (Nwic), as shown in
Fig. 12 (b). While WLC events are observed in fewer PES-GO
force curves (26% compared to 33% for the other substrates),
the mean values (Nwyc) are similar for PES-GO and PES, ie.,
2.3 £ 2.1 and 2.7 + 2.2, respectively (p = 0.5). Further PES-
PAA exhibits lower Nywc (1.4 + 0.9) compared to PES and
PES-GO (p < 0.05). Considering that Ny ¢ is proportional to
the number of adhesins that attach to the substrate, the
values of Ny, are consistent with the adhesion properties
described previously in Fig. 9 (e), which showed that (pro-
vided non-adhesive events are excluded) PES and PES-GO
showed similar mean adhesion forces.

The single-molecule extension events presented in Fig. 11
(along with corresponding WLC fits) show the occurrence of
consecutive single-molecule extensions. This allows determi-
nation of the length scale of the extended biomolecule do-
mains from AL; = L¢ ;11 — L ;, where L.; and L., denote the
contour length of two consecutive WLC fits. As shown in
Fig. 12 (c), AL, is narrowly distributed around mean values

(AL:) of 0.10 (+ 0.06) um and 0.11 ( 0.10) um for PES-PAA

and PES-GO, respectively, whereas for PES we observe a
much broader distribution with AL. = 0.24 (+ 0.18) um. The

tight distribution of AL. around ~100 nm suggests that the
WLC events observed on PES-GO and PES-PAA are likely due
to proteinaceous adhesins whose domains unravel sequen-
tially in pairs or triplets (the contour length of cell membrane
and pilin proteins is 30-60 nm>“°®), as was recently
proposed for P. fluorescens adhesins.”® On the other
hand, the much broader distribution observed over PES sub-
strates could be the result of two distinct phenomena. Firstly,
desorption of two different adhesin molecules of disparate
lengths,”® resulting in two sequential WLC peaks character-
ized by a large AL the longer rupture separation observed
on PES compared to the other two surfaces (see Fig. 10) sup-
ports this mechanism. Alternatively, the more hydrophobic
character of PES substrates (Fig. 6 (a)) could lead to surface-
induced partial unfolding of adhesin molecules,*® the corre-
sponding change in protein conformation leading to a wider
range of AL. values. Finally, Fig. 12 (d) presents the distribu-
tion of extension forces (F.y), defined as the force at each
peak observed in a single-molecule extension event (cf
Fig. 11, top panel). The magnitude of the forces is in the
range of 100-300 pN, in agreement with previous reports for
unfolding forces of protein domains,”"** with the average
value (F ) being similar for all substrates. This suggests that
Fex is primarily due to the elastic response of adhesins to the

Environ. Sci.: Nano, 2019, 6, 2863-2875 | 2871
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Fig. 12 (a) Distribution of best-fit persistence length values (L), obtained from WLC model fits on various substrates (see Fig. 11 for representative
fits). (b) Distribution of the number of WLC single-molecule extension events per force curve (Nyc). (c) Distribution of AL, (the difference in con-
tour length (L.) between two consecutive WLC extension events). (d) Distribution of extension forces (Fext, the force measured at the each WLC ex-

tension peak). The caption of each figure indicates the substrate type, histogram average (L Nwic, ALL

of measurements (n).

external force, and that desorption from the substrate does
not contribute significantly to the extension force.**

4. Conclusions

While graphene oxide (GO) has shown strong biocidal activ-
ity,'>1319%9 there have been conflicting reports as to whether
GO can mitigate bacterial adhesion,?>** the first step of bio-
film formation and biofouling. This paper used single-cell
force spectroscopy to show that edge-tethering GO nano-
sheets to poly(acrylic acid) (PAA) brushes produces GO coat-
ings (formed on polyethersulfone (PES) substrates) character-
ized by low P. fluorescens adhesion forces. Our results show
that lower mean adhesion forces observed on GO-
functionalized coatings (designated PES-GO) are mainly due
to the occurrence of cell-substrate repulsive (non-adhesive)
forces; these are in turn derived from the hydrophilicity and
steric repulsion afforded by the GO-functionalized PAA layer.

2872 | Environ. Sci.: Nano, 2019, 6, 2863-2875

ext (T standard deviation)) and number

A salient observation is that GO is not intrinsically anti-adhe-
sive: its integration into a polymeric brush is essential to
achieve a low-adhesion interface. GO-free PAA coatings
(termed PES-PAA) also demonstrated lower bacterial adhe-
sion due to their hydrophilicity. In the absence of PAA or GO,
PES control substrates exhibited stronger bacterial adhesion
due to their hydrophobicity. Analysis of the force spectro-
scopy data on all substrates shows that adhesion of P.
fluorescens is driven by proteinaceous adhesins, whose elas-
ticity is well described by the worm-like chain model.

Our results highlight the importance of interfacial proper-
ties (e.g., surface roughness, hydrophilicity) in the formula-
tion of GO-based antibacterial interfaces for environmental
applications, pointing out possible directions for future
study. In the context of water treatment systems, it is neces-
sary to characterize bioadhesion to GO interfaces (such as
those in membranes,'*° spacers,*® and adsorbents’), under
realistic hydrodynamic conditions.

This journal is © The Royal Society of Chemistry 2019
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Figure S1. Characterization of graphene oxide (GO) nanosheets: (a) distribution of nanosheet
thickness determined by AC mode AFM in air using an AC160TS-R3 Si cantilever (Olympus)
with nominal spring constant 26 N m™! and resonance frequency 300 Hz; (b) representative AFM
image of GO nanosheets deposited on a Si substrate; (c) {-Potential of GO in aqueous dispersion
at a concentration of 250 ug mL™!, determined with a Stabino zeta potential analyzer; (d) Raman
spectrum of GO nanosheets deposited on a silicon wafer.



Bacterial Deposition Assay. To complement our AFM results, we carried out a bacterial
deposition assay to evaluate the bioadhesion propensity of the substrates. The assay entails
exposure of the membrane surfaces to a P. fluorescens suspension under agitation, followed by
colony counting from irreversibly adhered cells.! P. fluorescens ATCC 13525 was cultured
overnight in 50 mL of autoclaved LB broth at 30 °C in an incubator (ThermoScientific
MAXQ4450) under stirring (125 rpm). Bacterial suspensions were diluted 1:25 in autoclaved LB
broth, and incubated for a further three hours at 175 rpm and 30 °C. Cells were harvested in mid-
exponential phase (ODegoo nm = 0.6) and centrifuged thrice at 5000g (for 1 min), re-suspending the
pellet after each centrifugation in 1 mL PBS (pH 7.4). After the final re-suspension, 1-cm? substrate
coupons were placed at the bottom of scintillation vials and each was immersed in 1 mL of the
bacterial suspension, such that the entire coupon was fully covered by the liquid. The scintillation
vials were then placed in the incubator (ThermoScientific MAXQ4450) at 30 °C under 175 rpm
agitation. After 1 hour, substrates were removed from the suspension, gently rinsed with PBS, and
placed in 10 mL of fresh PBS in 50-mL falcon tubes. Following bath sonication for 10 minutes,
the resulting suspension was diluted 1:100, and a 50-uL aliquot of the dilution was smeared over
an agar plate with a sterilized glass rod. After incubation overnight at 30 °C, the colonies were
counted. This experiment was repeated two additional times for each substrate type for a total of

three replicates.

The results of the bacterial deposition assay are presented in Fig. S2, showing the number of colony
forming units (CFU) normalized by the PES control. Adhesion is significantly mitigated on PES-
GO substrates, with the number of colonies on the PES-GO surface being 8.1% of the control PES

following a 1-h exposure (p < 0.05, one-sided unpaired z-test).
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Figure S2. Bacterial deposition assay of pristine PES, poly(acrylic acid) (PAA)-modified PES
(PES-PAA), and GO-modified PES (PES-GO) substrates. Colony-forming units (CFU) are shown
as % of the PES control. Error bars denote the standard deviation of three experiments.

It 1s important to note that the CFU data in Fig. S2 are possibly influenced by the cytotoxicity of
GO."™ Thus, the precipitous drop in CFU count on PES-GO compared to PES and PES-PAA may
be due to a combination of lower adhesion and GO’s biocidal activity. However, the relative
contributions to the CFU count of adhesion mitigation (due to the interfacial properties of PES-
GO) and biocidal activity cannot be disentangled with this simple colony counting assay, and thus

would require further investigation.

Characterization of Membrane Transport Properties. The water permeability coefficient (4)
of the membranes was determined in a laboratory-scale filtration apparatus equipped with a
crossflow cell (CF042D, Sterlitech, with active membrane area, Am, of 42.1 cm?), pump
(HydraCell M-03S, Wanner Engineering), and temperature-controlled stainless steel feed

reservoir. Membranes were compacted with a distilled water feed for 24 hours at a transmembrane



pressure difference (Ap) of 50 psi and crossflow velocity of 0.08 m s™'. Following compaction,
measurements of the steady-state permeate flow rate were recorded every second for 1 hour at Ap
=50 psi and 20 °C with a digital flow meter (SLI, Sensirion). The average permeate flow rate, O,
was used to compute the water permeability coefficient from 4 = Qp/(AnAp). For control
polyethersulfone (PES) membranes, the flux through the membranes was determined by weighing
the permeate, since the permeate flow rate exceeded the maximum flow rate measurable with the

digital flow meter. Four poly(acrylic acid)-modified (PES-PAA), four GO-modified (PES-GO)

and two control PES membranes were characterized.

Effect of Surface Functionalization on Water Permeability and Ion Rejection. Surface
modification of the PES membranes resulted in additional hydraulic resistance that decreased the
water permeability coefficient (4). For pristine PES we find 4 = 102.1 £3.5 L m™? h' bar!. On the
other hand, for PES-PAA membranes (prepared by acrylic acid polymerization with 10-s UV
exposure), we find 4 =9.0 + 1.8 L m™ h'! bar’!, while for PES-GO, 4 = 7.0+ 0.7 L m™? h' bar’!,
i.e., the covalently bonded GO layer further decreases water permeability. We also determined the
NaxSOs4 rejection coefficient (R) at Ap = 50 psi (feed concentration = 10 mM) for the functionalized
membranes using a conductivity probe, finding R = 21.4% and 42.7% for PES-GO and PES-PAA,
respectively. The A coefficient and ion rejection of PES-PAA and PES-GO materials are similar
to those of nanofiltration membranes.>® Additional experiments with PES-PAA membranes
prepared with 20-60 sec UV irradiation resulted in steep loss in water permeability (results not
shown), due to the formation of a dense PAA layer (observe the prominent carboxyl band at 1700

cm’! when the irradiation time was > 20 s, Fig. 2).
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Figure S3. Representative retraction force (F)-elongation (z) curves for different membrane
substrates (see caption) recorded with P. fluorescens bacterial probes. The data show fits of the

extended freely-jointed chain (FJC) model, given by z(F) = L. [coth (%) - I;BTT] (1 + g),
B k

where L. is the contour length, / is the Kuhn length, and S is the stretch modulus of the polymer;
ks and T = 298.15 K are Boltzmann’s constant and absolute temperature, respectively. Best-fit
values of Lc, Ik and S are given in the caption. Due to the thermal noise underlying the
measurements (= 30 pN), the fitted region of the force-extension curves was smoothed using a
locally weighted least-squares smoothing algorithm (loess) implemented in Origin 2018
(Northampton, MA). FJC parameters were obtained by non-linear regression of the smoothed data
using the function nlinfit in Matlab R2018a (MathWorks, Natick, MA).
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ABSTRACT: The potential of graphene oxide (GO) in
environmental applications, such as the development of
antimicrobial materials and low-fouling membranes, has thus far
been hindered by an incomplete understanding of bioadhesion
mechanisms on GO interfaces. Using atomic force microscopy
(AFM)-based single-cell force spectroscopy, we investigate the
adhesion of single Pseudomonas fluorescens cells on GO-function-
alized interfaces possessing distinct morphologies. Specifically, we
investigate Si-GO surfaces, in which Langmuir—Blodgett GO
films are transferred to Si wafers by dip-coating, forming an
immobilized layer of horizontally arranged GO nanosheets, and
PLL-GO surfaces, where GO nanosheets, edge-tethered to poly-
L-lysine, form an interface characterized by morphological and

Horizontally arranged GO (Si-GO)

Edge-tethered GO (PLL-GO)

conformational disorder. We observe strong adhesion forces on both Si-GO and PLL-GO surfaces; analysis of the pull-off forces
in terms of the worm-like chain model reveals that adhesion is driven by hydrophobic interactions between proteinaceous
adhesins on P. fluorescens and graphenic basal planes. We further show that adhesion forces are significantly stronger on Si-GO
surfaces that facilitate interactions with graphenic planes, compared to PLL-GO surfaces, which show weaker adhesion due to
steric and electrostatic repulsion. These results therefore demonstrate that the spatial orientation and conformational disorder of
GO nanosheets are key factors governing the interfacial properties of graphene nanomaterials.

1. INTRODUCTION

The significant interest in graphene nanomaterials is motivated
by their unique physical and chemical properties. Graphene is
the thinnest, strongest material ever developed.' As a 2-D
nanomaterial with metallic properties, it is finding applications
in electronic and photovoltaic devices.” The high surface area
and photocatalytic-enhancing properties of graphene hold
promise in environmental remediation, adsorption, degradation
of organic contaminants, and the development of water
purification membranes.”’ Furthermore, graphene and gra-
phene oxide (GO) exhibit wide-spectrum antibacterial
activity,"™” opening new avenues for the development of
biocidal materials and interfaces, such a low-biofouling
membranes.'”"" Nonetheless, further deployment of gra-
phene-based biocidal materials has been hindered by an
incomplete understanding of the adhesion mechanisms of
bacteria on graphenic interfaces. Previous studies have
attempted to explain the interactions between cells and
individual graphenic sheets in suspension, with contradictory
conclusions documented by different investigators. Li et al."”
and Tu et al,”> using a combination of microscopy and

-4 ACS Publications  © 2017 American Chemical Society
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simulation, proposed that graphene'”"* and GO sheets'” pierce
lipid bilayers via sheet asperities or edges; a mechanism for
bilayer piercing was provided based on molecular dynamics
simulation, which showed spontaneous piercing of the cell
membrane when graphene and GO sheets translocate
orthogonally to the cell.'”'* On the other hand, AFM-based
force spectroscopy measurements showed that the interactions
of a GO-coated AFM probe with E. coli cell membranes were
predominantly repulsive, possibly due to negatively charged
GO sheet edges, which result in electrostatic repulsive forces as
the nanosheets impinge on the cell membrane edge-first.'”"*
These studies suggest that GO sheet spatial orientation plays an
important role in determining the behavior of interfaces
functionalized with GO. The relevance of nanosheet config-
uration is underscored by reports that nanosheet edge-bacteria
contact is a determinant of biocidal activity,”'* with a recent
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study reporting higher biocidal activity in GO films comprising,
edge-exposed, verticallz aligned nanosheets,' though this view
remains contentious.'’”'? Nonetheless, direct, real-time ex-
perimental measurements examining the adhesion forces of
bacteria on GO surfaces and the possible role played by GO
sheet orientation in GO-cell adhesion forces are still lacking. In
this work, we use atomic force microscopy (AFM)-based force
spectroscopy to quantitatively evaluate the interactions of single
P. fluorescens cells, a biofilm forming,”>*' environmentally
relevant bacterium found in soil and drinking water,”>** with
substrates possessing horizontally oriented or randomly
oriented GO surface coatings. We find strong bacterial
adhesion on GO-functionalized surfaces, driven by hydrophobic
interactions between proteinaceous adhesins and graphenic
basal planes in GO. Further, we demonstrate that P. fluorescens
adhesion is stronger on “flat” GO surface coatings as compared
to randomly oriented surface coatings, demonstrating the
importance of spatial orientation of GO as a design variable in
GO surface coatings.

2. MATERIALS AND METHODS

2.1. Preparation of GO and GO Model Surfaces. GO
was prepared following a modification of Hummers’ method, as
explained in the Supporting Information (SI).”* Confocal
Raman spectroscopy, AFM, and scanning electron microscopy
(SEM) were performed to characterize the GO sheets. The
characteristic D (~1350 cm ™) and G (~1590 cm™') bands™ of
GO were identified in the Raman spectrum (Figure S1(a)). GO
sheets showed an average sheet size (Figure S1(b)) of ~0.08
pum (SEM images were analyzed with Fiji’®) and sheet
thickness (Figure S1(c, d)) of ~1 nm, in agreement with
previous reports. = Zeta potential measurements of GO in
aqueous dispersion (Figure S1(e)) showed that the nanosheets
are negatively charged, due to deprotonation of carboxylic acid
groups at the sheet edges.”””"

Two model GO surfaces (i.e., randomly oriented GO sheets
and horizontally oriented GO sheets) were prepared. The first
class (denoted as PLL-GO surfaces) was prepared by covalently
tethering GO sheets to poly-L-lysine (PLL)-coated glass (Poly-
Prep slides, Sigma-Aldrich) via amine coupling chemistry.””
The second class of surfaces (designated Si-GO) was ;arepared
by transferring a GO Langmuir—Blodgett (LB) film'” to a P-
type silicon (Si) wafer via dip-coating.’® Details on the
preparation of GO surfaces can be found in the SIL. GO
immobilized on the PLL-GO and Si-GO surfaces was
confirmed by Raman spectroscopy. Surface roughness, hydro-
phobicity, and zeta potential were evaluated using AFM, captive
bubble contact angle, and streaming current measurements,
respectively, as described in the SI.

2.2. AFM-Based Single Cell Force Spectroscopy.
Pseudomonas fluorescens ATCC 13525 was used in all single-
cell force spectroscopy (SCFS) experiments. As in other
bacteria of the Pseudomonas genus, P. fluorescens has high
biodhesion and biofilm formation potential, owing to an array
of adhesins,”" including flagella, pili, lipopolysaccharides (LPS),
and outer membrane ;)roteins (OMP) that influence its motility
and adhesiveness.”” """ Single P. fluorescens cells were adhered
to the cantilever using a polydopamine (PDA) wet
adhesive.”””” Details of the bacterial growth conditions and
preparation of bacterial cell AFM probes are given in our recent
publication®® and summarized in the SIL

An MFP-3D-Bio AFM (Asylum Research) integrated to a
Zeiss Axio Observer A.1 inverted optical microscope was used

15

for single-cell force measurements at room temperature (25
°C). Extension—retraction cycles were performed at a cantilever
speed of 400 nm/s, force distance of 2 um (longer force
distances were used whenever long-range interactions were
observed), and trigger force of 600 pN. Force curves were
acquired at randomly chosen sites on the specimen surface;
only three replicate force curves were recorded over each site to
minimize deposition of extracellular polymeric substances. For
each model surface, at least three individual cells (from three
independent cell cultures) were used to collect a total of ~100
curves. Raw data (i.e., cantilever deflection versus piezo Z
position) were converted into force—separation curves, record-
ing from each pull-off curve the maximum adhesion force (Fyq)
and rupture separation (Ly) (ie., the separation at which
surface forces vanish). Cell viability was checked after each
experiment by a live/dead assay (Baclight). Only data collected
with a live cell that remained at its initial location (such as that
shown in Figure S12) are reported and discussed.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Surfaces. Raman spectros-
copy maps and AFM topographic images (collected in PBS
buffer, pH 7.4) of the GO surfaces are provided in Figure 1.

Si-GO

1.5

2.0 pm

0 15

2,0 ym

Figure 1. Surface characterization of PLL-GO (left column) and Si-
GO surfaces (right column). (a, b) Raman spectroscopy maps of PLL-
GO (a) and Si-GO (b) substrates. (c, d) Tapping mode AFM images
of PLL-GO (c) and Si-GO (d) substrates. AFM imaging was
conducted in PBS buffer, pH 7.4.

The Raman maps (Figure 1(a, b) and Figure S3(a, b)) show
regions of high brightness (proportional to the intensity of the
D and G peaks of GO), albeit with dissimilar spatial
distribution: small (typically <1 ym) regions of high brightness
were observed on the PLL-GO surface (Figure 1(a)), whereas
the Si-GO surface exhibited larger GO domains (>1 pm),
suggesting the presence of horizontally arranged GO (Figure
1(b)). In control surfaces (GO-free PLL and Si), Raman
intensity is significantly attenuated (Figures S3(c, d)). The
morphological features of Figure 1(a, b) are consistent with the
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AFM images (Figure 1(c, d)), showing that two different spatial
orientations are realized by these surfaces: GO nanosheets in
Si-GO surfaces are stacked horizontally on the Si substrate
(Figure 1(d) and Figure S2(b)), whereas a significantly more
disordered interface is obtained when GO is tethered to flexible
PLL chains (cf. PLL-GO, Figure 1(c) and Figure S2(a)), where
horizontally oriented sheets on the substrate are not observed.
In accord with the morphological features described in Figure
1, the root-mean-square roughness (Rrumisy Figure S4(a)) of
PLL-GO (Rpys = 2.78 nm) is higher than that of Si-GO (Rpys
= 1.62 nm, which suggests a GO film 1—2 sheets thick on Si).
Figure S4(a) further shows that the presence of GO increases
the roughness of the unmodified control substrates (note the
lower surface roughness of bare PLL and Si surfaces). The
orientational disorder of GO nanosheets in PLL-GO is partially
due to the roughness of the underlying PLL, and it is also a
consequence of bonding GO to primary amines in PLL, which
allows edge-tethered solvated nanosheets to undergo thermal
agitation. The zeta potential values showed that the four
surfaces were negatively charged, exhibiting similar surface
potentials (—60 to —90 mV) at pH 7.4 (Figure S4(b)).

The wettability of the surfaces, characterized by the contact
angle of captive n-decane droplets in PBS (pH 7.4), is
presented in Figure SS. Low contact angles (i.e., low n-decane
wettability) are observed in all surfaces; H-bonding functional
groups present in PLL (primary amine groups) and PLL-GO
(epoxide, hydroxyl, and carboxylic groups that decorate the GO
sheet edges””””) explain the poor wettability with n-decane.
The similarity of contact angle values observed in Si and Si-GO
is consistent with the wetting translucency™ of graphene films.
Given its ultrathin-sheet geometry, a significant fraction of the
n-decane-Si van der Waals interactions are transmitted through
the graphenic planes, resulting in wetting behavior that is
relatively unaffected by the graphene coating.*"**

3.2. GO Nanosheet Spatial Orientation and Hydro-
phobicity Are Determining Factors of Bacterial Adhe-
sion. Figure 2(a) presents the mean maximum adhesion force
((Fay), where F,, is defined in the inset) observed on control
and GO surfaces; adhesion force histograms for each system are
given in Figure S6. GO functionalization has a significant effect
on cell adhesion, as shown by the doubling of (F,4) in PLL-GO
compared to PLL substrates and the order-of-magnitude
increase in (F,q) observed in Si-GO surfaces compared to
the Si control. The mean adhesion forces presented in Figure
2(a) increase as Si (—0.01 nN) < PLL (—0.28 nN) < PLL-GO
(=0.57 nN) < Si-GO (—0.78 nN) (p < 0.01 from two-sided
unpaired t-tests); these reflect cell—substrate adhesion forces, as
demonstrated by the significantly weaker forces observed in
control measurements with bacterium-free PDA-coated canti-
levers (Figure S7, p < 0.01 except Si, on which weak adhesions
are observed with and without cell). To explain the results
shown in Figure 2(a), we note that bacterial adhesion is
determined by a variety of cell-surface structures, such as pili
and outer membrane proteins,34’35'43 which, owing to the high
content of hydrophobic amino acids (in e.g, pilin proteins™’),
mediate attachment to hydrophobic substrates via hydrophobic
interactions.”*> At the micro- and nanoscales both PLL-GO
and Si-GO surfaces present hydrophobic regions embedded in
the graphenic planes of the nanosheets,””** which are known to
serve as adsorption sites for hydrophobic molecules.””*"~*
Consequently, the significant increase in (F,4) observed over
Si-GO and PLL-GO is ascribed to hydrophobic association of
cell-surface adhesins with hydrophobic domains in GO sheets.
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Figure 2. Results of single-cell force spectroscopy. (a) Average
maximum adhesion force ({(F,q)) of P. fluorescens cells on the various
surfaces. A representative pull-off force curve showing the definition of
Fuq and Ly is shown in the inset of panel (a). (b) Mean rupture
separation ({Ly), the separation at which adhesion forces vanish). All
experiments were performed in PBS buffer (pH 7.4). The histograms
from which the reported means were computed are given in Figures S6
and S8; p < 0.01 (two-tailed unpaired ttest) for all pairwise
comparisons except when indicated by .

The determining role of hydrophobicity in P. fluorescens
attachment is underscored by the weak adhesion (~10 pN,
cf. Figure 2(a)) observed on Si substrates, the most hydrophilic
surface investigated in this work (cf. Figure SS). Furthermore,
we observe stronger (p < 0.01) (F,4) over Si-GO than PLL-GO
(—0.78 nN vs —0.57 nN, respectively, cf. Figure 2(a)). The
different adhesiveness demonstrated by PLL-GO and Si-GO is
derived from their respective morphologies. Si-GO surfaces, as
shown in Figure 1(d), exhibit horizontally arranged GO sheets,
whereas GO sheets tethered to PLL form a rougher and more
disordered PLL-GO interface (Figure 1(c) and Figure S4(a)).
The flat GO sheet orientation in Si-GO surfaces therefore
maximizes the surface area of graphenic planes with which cell
biopolymers interact, thereby facilitating bacterial attachment.
Low roughness of Si-GO (Figure S4(a)) may also enable
bacterial attachment, as observed with pyrolytic graphite."
Conversely, bacteria adhering on PLL-GO face negatively
charged GO sheet edges,”® which weaken bacterial attachment
due to electrostatic repulsive forces."* In addition, GO sheets
edge-tethered to PLL create a steric barrier against microbial
deposition, akin to that formed by solvated polymers.”’™>” As a
bacterium adheres on PLL-GO, GO nanosheets are com-
pressed, the resulting loss of conformational entropy opposing
cell adhesion.”® These data thus demonstrate that nanosheet
spatial arrangement (ie., flat vs randomly oriented) and
conformational degrees of freedom play key roles in
determining the GO-bacterial cell adhesion forces.

To gain insight into the cell-surface structures mediating
adhesion, we analyzed the rupture distance (Ly), defined in
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Figure 2(a) (inset). The values of the mean rupture distance
({(Lg)) are presented in Figure 2(b), and the distributions of Ly
appear in Figure S8. Apart from the Si control, over which no
significant adhesion is observed, mean Ly values reported by
PLL, PLL-GO, and Si-GO surfaces (1—2 pm) are consistent
with bioadhesion mediated by membrane proteins (contour
length =2 um>**°); a fraction of measurements showing Ly > 2
um (Figure S8 for PLL, PLL-GO, and Si-GO) is likely due to
pili-mediated adhesion, which can extend to several micro-
meters.””>* Long Ly, values may also be attributed to stretching
of PLL chains on the glass substrates, as shown by the longer-
ranged forces exhibited by PLL and PLL-GO compared to Si-
GO substrates (Figure 2(b)).

3.3. Proteinaceous Adhesins Mediate P. fluorescens
Attachment to GO-Functionalized Interfaces. In a subset
(~20%) of the pull-off force—separation profiles recorded on
PLL, PLL-GO, and Si-GO, we observed the sawtooth pattern
(Figure 3(a)) that is associated with force unfolding of protein
domains.***> As shown in the inset of Figure 3(a), the peaks
are well fitted by the worm-like chain (WLC) model of polymer
elasticity”®*” which describes the force F necessary to unravel a
random coil as F(x) = ksT/Lp[0.25(1 — x/Lo)™ + x/Lc —

Force (nN
S ( ).

0.0 0.5 1.0 1.5

Separation (um) ’

(b)

(Lp) (nm)

0.1
N/A
0.0
PLL PLL-GO Si
0.4
(c)
03

(Fyne) (NN)
S
N

Si-GO

*PLL PLL.GO Si
Figure 3. Signatures of macromolecular unfolding observed over
different model surfaces. (a) Representative force curve exhibiting the
sawtooth pattern characteristic of force-unfolding of macromolecular
domains. Representative fits of the worm-like chain (WLC) model to
the sawtooth patterns are shown in the inset. (b) Mean persistence
length ((Lp)) obtained from WLC model fits to the pull-off force
curve of single P. fluorescens cells. (c) Mean unfolding force ((Fy,)).
The definition of Fy, is shown in panel (a). The histograms from
which the means in panels (b) and (c) were computed are given in
Figures S9 and S10. N/A for Si indicates that no signatures of
macromolecular unfolding were observed on this substrate.
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0.25], where x is separation, kg is the Boltzmann constant, T is
the absolute temperature (298 K), Lp is the persistence length
(a measure of polymer rigidity), and L is the contour length
(the length of the unfolded macromolecule). Quantitative
analysis of the pull-off force curves in terms of the WLC model
yielded values of L, and L (in fitting the WLC model, we
discarded nonspecific adhesion peaks at short separation, as
well as peaks yielding L, < 0.15 nm, the length of a C—C
bond®®). We find that best-fit L, values were narrowly
distributed with means in the 0.23—0.28 nm range (Figure
3(b) and Figure S9), close to the persistence length of proteins
(~0.4—1 nm***>*%) "and observed that the mean peak force
(Fynp defined in Figure 3(a)) was consistent with the unfolding
force of membrane proteins (~300 pN, cf. Figure 3(c) and
Figure S10).>*>> The values of L, and Fy,; suggest that
adhesion of P. fluorescens is mediated by proteinaceous
hydrophobic adhesins, likely to be membrane proteins that
interact with hydrophobic graphenic planes in GO nanosheets,
and lysyl side chains in PLL. The hydrophobic character of
adhesin proteins is manifested by the absence of the sawtooth
pattern in all force curves recorded over hydrophilic Si
substrates. AL, the difference in contour lengths between
consecutive sawtooth peaks, revealed the length scale of the
unfolded domains. As shown in Figures S11(b, c), AL values
for PLL-GO and Si-GO were distributed around means of 66.4
and 80.6 nm, respectively, which suggest that each sawtooth
peak is due to unfolding of more than one protein domain
(whose repeats are ~30—40 nm for membrane proteins®® and
~50—60 nm in pilin proteins>’). The broader distribution of
AL observed over PLL (Figure S11(a)) suggests that adhesins
undergo surface-induced unfolding over this substrate.”

In closing, we have demonstrated that the hydrophobic
interactions that drive P. fluorescens adhesion are stronger in
GO interfaces assembled from horizontally arranged nano-
sheets, as compared to edge-tethered GO sheets where
electrostatic and steric repulsion weaken adhesion forces. Our
results emphasize the importance of nanosheet hydrophobicity,
spatial arrangement, and conformational disorder in determin-
ing the interfacial behavior of GO-functionalized substrates,
pointing out possible directions for future inguiry. Reactive
oxygen species (ROS)-mediated cell oxidation®'* is likely to
modify cell bioadhesion due to breakdown of the outer
membrane. Experiments isolating the competing effect of ROS
pose interesting questions that warrant future investigations.
Further investigations should also aim to elucidate the
mechanism of adhesion of hydrophilic bacteria®' to graphenic
surfaces, perhaps using adhesin-knockout mutants.
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Further information on materials and methods (GO
synthesis and characterization, preparation and character-
ization of PLL-GO and Si-GO surfaces, and functional-
ization of AFM probes with bacterial cells). Results of
GO characterization (Figure S1); AFM imaging, Raman
spectroscopy images, AFM surface roughness, zeta
potential, and contact angle measurements for all
surfaces (Figures $2—SS5); histograms of adhesion forces
(Figures S6 and S7), rupture separations (Figure S8),
persistence lengths (Figure S9), unfolding forces (Figure
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S10), contour lengths (Figure S11); and digital image of
bacterial cell AFM probe (Figure S12). (PDF)
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