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Abstract

Water treatment technologies based on graphene oxide (GO) sponges show promise due to their
high surface area and versatile chemistry, yielding excellent adsorption affinity for different
contaminants. However, the bacteria removal capacity and the intrinsic antimicrobial properties of
GO sponges are not well understood. While GO has been successfully functionalized with
antibiotics or metal biocides, these antimicrobials present cytotoxicity concerns. Natural
antimicrobial agents such as antimicrobial enzymes, peptides and polymers hold promise in this
respect due to their relatively low cost, biocompatibility and ability to readily functionalize GO by
covalent bond formation with oxygen-containing functional groups. In this work, the antimicrobial
enzyme lysozyme, antimicrobial peptide nisin, and antimicrobial polyamide €-poly-L-lysine were
used to covalently functionalize the surface of a hierarchically porous GO sponge. The antimicrobial
activity of the functionalized material was demonstrated against two model organisms: the Gram-
positive B. subtilis and Gram-negative E. coli. The performance of the porous material in a simulated
filtration context was evaluated using packed column experiments, and improved bacterial retention
of both strains by the functionalized sponge was demonstrated. Furthermore, samples of spent
sponge after filtration were evaluated with a membrane integrity assay demonstrating antimicrobial

activity in a continuous flow mode.
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1. Introduction

Ensuring reliable access to potable water is a global challenge. Population growth, urbanization, and
increased frequency of extreme weather events create stress on our water systems.'? Graphene oxide
(GO) has shown potential as an adsorptive material for water treatment applications with the capacity
to remove a variety of organic dyes, metals, and model pharmaceuticals.** Furthermore, GO
nanosheets can self-assemble into hydrogel networks or sponges that allow for easy separation of the
filter material from the water stream after treatment.”'® We recently developed a robust and
hierarchically porous GO sponge (sp-GO) by reduction with L-ascorbic acid (vitamin C) that showed
promise for the removal of various classes of water contaminants.’ While GO based water treatment
technologies have shown promise in small lab-scale systems, the implementation of these technologies
in commercial products is hindered somewhat by the high cost and low yield of the GO manufacturing
process.'” However, recent interest in applying GO to various material contexts such as in electronic
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applications'*"? may be expected to lead to economies of scale in the future.'

While the use of GO sponges for the removal of chemical contaminants by adsorption has been

studied, the removal of bacteria by GO and GO-based systems is not well understood. GO nanosheets
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are reported to exhibit antimicrobial properties through both oxidative stress and membrane
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damage'”?” mechanisms, although the primary antimicrobial mechanism and the extent of bactericidal

potency remain unclear.?’* While some proposed technologies rely on the intrinsic antimicrobial

properties of GO in the context of water treatment and disinfection,”** improved disinfection efficacy
may be achieved in composite systems incorporating potent antimicrobial metals,”?¢ salts,” and
peptides.?®*

Natural antimicrobial agents such as antimicrobial enzymes, peptides and polymers are promising in
this context due to their biocompatibility, relatively low cost, and low toxicity. The objective of this
work is to impart antimicrobial properties to the sp-GO by functionalizing it with natural
antimicrobial agents including an enzyme (lysozyme), peptide (nisin) and polyamide (g-poly-L-lysine).
Lysozyme (LYS) catalyzes the cleavage of peptidoglycan, the primary structural component found in

bacterial cell walls®! and it has been successfully immobilized by electrostatic interactions and covalent
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coupling to form nanocomposites with GO.?*% The antimicrobial peptide nisin (NIS) has been
coupled to GO to produce a nanocomposite based porous membrane for water disinfection.”” The
cationic polyamide e-poly-L-lysine (PLL) has broad spectrum antimicrobial activity against both
Gram-positive and Gram-negative bacteria species.’®” It has been studied with GO as a
nanocomposite for sensing and biomedical applications but has not yet been studied in the context of
GO-based 3D porous structures for water treatment.***! All three of the selected antimicrobial agents
are relatively low cost, contain functional groups suitable for covalent coupling with the GO surface,
and have no reported evidence of cytotoxicity to mammalian cells. In fact, all three of the antimicrobial
agents are commercially available, are generally recognized as safe (GRAS designated) and are used as
additives in food preservation and pharmaceutical applications.”** As a result, a novel antimicrobial
material system incorporating lysozyme, nisin, or PLL is expected to be economically feasible and to

have no harmful effects to human health.

In this work, we developed antimicrobial GO nanosheets and sponges by covalently bonding LYS,
NIS and PLL to their surfaces. A systematic approach was taken to develop and characterize the
materials. Antimicrobial assays with the antimicrobial agents alone were undertaken to assess their
activity against the model Gram-positive Bacillus subtilis 6633 and the model Gram-negative
Escherichia coli K12. Antimicrobial agents were immobilized on both GO nanosheets and the sp-GO
material by EDC/NHS coupling chemistry and functionalization was confirmed by X-ray
photoelectron spectroscopy (XPS), Fourier Transform Infrared Spectroscopy (FTIR), zeta-potential
measurements and scanning electron microscopy (SEM). Due to the similar chemistry of the three
selected antimicrobial agents, it was possible to compare the success of functionalization.
Subsequently, the antimicrobial efficacy of functionalized GO nanosheets was evaluated by assessing
impact on cell growth and cell membrane integrity. The antimicrobial activity of functionalized sp-
GO was evaluated by membrane integrity assay. While column transport experiments have been used

to study bacterial transport in sand and other granular media®%

and gravity filtration experiments
with graphene based networks have been conducted,?**”->° dynamic bacterial transport in porous GO
networks has not previously been studied. In the context of water treatment, dynamic measurements

allow for an evaluation of filter performance over time and provide insights on the nature of bacterial
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interactions with the filter media. To this end, performance of the functionalized sp-GO was evaluated
in continuous flow (packed column) systems by measuring bacterial removal and cell death within the

sponge after use.

2. Materials and methods

2.1. Material Synthesis
2.1.1 Graphene Oxide (GO) Synthesis

Graphene oxide was synthesized by a modified Hummer’s method.’' Briefly, graphite (natural
graphite, Ausbury Mills) was expanded at 1050 C for 15 s. 0.5 g of expanded graphite was suspended
in 100 mL of concentrated sulfuric acid (Fisher) and reacted with 5 g of potassium permanganate
(Sigma Aldrich) for 24 hr with stirring at 200 rpm. Reaction temperature was maintained at 45 C in
a water bath. Following the reaction, the reaction flask was transferred to an ice bath and 125 mL of
a 4:1 solution of deionized water (DI): hydrogen peroxide (Fisher) was slowly added while stirring for
a total reaction time of 30 min. The mixture was then transferred to centrifuge tubes and was washed
through multiple centrifugation steps. Each wash consisted of decantation of supernatant,
resuspension, and centrifugation at a maximum relative centrifugal force (rcf) of 20,000¢. A total of 3
acid wash cycles were performed in 10% hydrochloric acid (Fisher) solution, followed by 5 water wash
cycles in DI water. The final GO dispersion with a concentration of 4 mg mL™" is stable and may be

stored at room temperature.
2.1.2 Graphene Oxide Sponge (sp-GO) Synthesis

The hierarchically porous sp-GO were prepared according to previously described methods' and a
schematic is shown in Figure S1b. Briefly, 6 g of vitamin C (L-ascorbic acid, Fisher) was added to 40
mg of GO in glass vials and mixed by vortexing. The vials were subsequently held in a water bath at
95 °C for one hr. Vortexing was performed after 2, 5, and 15 min to ensure homogenous dispersion
and then the vials were left undisturbed for the remainder of the hr. The self-assembled, partially

reduced GO sponges were washed with large amounts of DI water to remove excess vitamin C.



2.1.3 Functionalization of GO Nanosheets and sp-GO with Antimicrobial Agents

The surface of the GO nanosheets or sp-GO material was functionalized with antimicrobial agents by
amide bond formation between carboxyl groups on the GO and sp-GO surfaces, and amino groups
on nisin (Sigma Aldrich), lysozyme (ThermoFisher), and e-poly-L-lysine (Carbosynth) based on

239 Due to the presence of amino groups on all three of the antimicrobial

previously reported methods.
agents, carbodiimide coupling chemistry could be used for all of the functionalization processes which
allowed for comparison of the functionalized materials. Functionalization of GO nanosheets by
electrostatic interactions was also attempted but was found to be less effective than covalent
functionalization (data not shown). Functionalization was first studied on the colloidal GO nanosheet
system, and a schematic of the functionalization process is shown in Figure S1a. GO surface carboxyl
groups  were  activated by  reacting with  the  coupling agents  1l-ethyl-3(3-
dimethylaminopropyl)carbodiimide. HCI (EDC, 25 mg/mlL) (Sigma Aldrich) and N-
hydroxysuccinimide (NHS, 50 mg/mL) (Sigma Aldrich) for 30 min. Antimicrobial agents were
subsequently added in varying weight ratios under stirring. Reaction was allowed to proceed for 24
hr. Excess reagents were removed by washing with DI water. Functionalized GO nanosheets were
washed three times by repeating cycles of centrifugation at 20,000¢, decantation, and re-suspension in

DI. Functionalized nanosheets are stable and could be stored suspended in phosphate buffered saline

(PBS, ThermoFisher) in the refrigerator for several weeks.

After successful functionalization of the GO nanosheets was confirmed, a post-synthesis
functionalization of the sponges (sp-GO) was undertaken as shown in Figure S1b. A post-synthesis
functionalization process was chosen in order to eliminate potential damage to the antimicrobial agents
which could occur due to the low pH and high temperature used during sponge synthesis. EDC/NHS
reaction chemistry is relatively mild, being performed at near neutral pH and ambient temperature
and therefore it is useful in this context. The functionalization of the sponges was performed under
the same concentration, time, temperature and pH conditions as described above for the GO
nanosheets. Functionalized sp-GO was washed 10 or more times with 50 mL of DI water for each

wash, and vacuum filtration was used to separate the sponge from the aqueous phase. After the final



wash step, functionalized sp-GO sponges were immersed in PBS and could be stored in the refrigerator

for several weeks.

2.2. Material Characterization

The zeta-potential of the functionalized nanosheets (0.04 mg/mL) was measured using a ZetaSizer
Nano ZS, Malvern Instruments at 25 °C to understand impact of functionalization on surface charge.
The surface chemistry of the functionalized materials was studied by X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha) using a monochromatic Al Ka X-ray source in 10-* mbar vacuum.
Thin films of GO nanosheets and free dissolved antimicrobial agents were prepared by drop casting
onto aluminum foil and drying under ambient conditions. Sponge samples were freeze dried at —80
°C for 24 hr. Single survey scans with pass energy of 200 ¢V were performed to analyze the elemental
composition, and to confirm functionalization. High resolution scans with pass energy of 50 eV were
performed of the C; and Ny peaks. Five scans were performed for all high resolution scans, and single
scans in triplicate were performed for the survey scan measurements. XPSPEAK 4.1 software was used
to de-convolute high resolution Cis and Ny, peak profiles into constituent peaks according to methods

previously employed for the deconvolution of high resolution scans of graphene based material.'" %"

¢ Briefly, full width half maximum (FWHM) values were constrained at 0.8-1.4 eV, and
Gaussian/Lorenzian ratio was constrained between 10-30%. Ci, peak binding energies of ~284.3 ¢V,
~285.6 ¢V, ~286.6 ¢V, ~287.7 €V and ~289 ¢V were identified as sp? carbon (C=C), sp?® carbon (C—
C), hydroxyl (C—OH), carbonyl/ epoxide (C=0/C—O—C), and carboxyl (COOH), respectively.
N, binding energies of ~399 eV, ~400 ¢V, and ~401.5 eV were identified as amine, amide and N-O
or protonated nitrogen species, respectively. Fourier-Transform Infrared Spectroscopy (ATR-FTIR,
Perkin Elmer Spectrum Two) spectra were collected from thin-film drop cast samples of the
antimicrobial agents and functionalized nanosheets, and freeze-dried sponge samples. Spectra were

obtained in the range of 400-4000 cm™.

The impact of functionalization on pore structure of the sponges was evaluated by scanning electron

microscopy (SEM, Hibachi SU 3500) with secondary electrons accelerated at 5 kV. Sponge samples
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were cut with a razor blade to expose the interior structure and were dried by lyophilization at —80C
for 24 hr. Samples were secured to supports using carbon tape. Sputter coating with a conductive alloy

was not necessary prior to imaging, as the partially reduced GO is sufficiently conductive.
2.3. Evaluation of Antimicrobial Activity
2.3.1 Bacteria and Culture Conditions

Non-pathogenic model organisms were selected for antimicrobial activity assays: Gram-negative E.
coli K12, and Gram-positive B. subtilis ATCC 6633. Bacteria were stored in frozen glycerol stock at —
80 °C. Bacteria were streaked onto Luria broth (LB) agar (Fisher) plates and incubated overnight at
35 °C. Plates were stored at 4 °C for no more than two weeks. To prepare pre-cultures for antimicrobial
assays, a single colony was selected using a sterile loop and used to inoculate 10 mL of sterile LB
(Fisher) nutrient broth with a concentration of 20 g/L. For continuous flow experiments, a larger
volume (120 mL) of nutrient broth was required. Pre-cultures were incubated overnight at 35 °C
under agitation at 130 rpm. For experiments performed on cells in mid-exponential phase, the culture
was diluted to an ODgoo = 0.05 and incubated again at 130 rpm at 35 °C for 4 hr for E. coli and 6 hr
for B. subtilis. Prior to experiments in PBS, cells were washed 3 times, centrifuged (3,000¢, 5 min) and

resuspended in PBS.
2.3.2 Growth Inhibition Assay

For measurement of bacterial growth curves, a pre-culture was diluted with LB nutrient broth to an
ODgoo = 0.05 and combined with the antimicrobial agent of interest in 96-well micro-titer plates. Each
experiment was performed in 3 biological replicates with at least 3 technical replicates for each
biological replicate. As free NIS and LYS did not show evidence of inhibitory activity against E. coli,
they were not tested after immobilization on GO nanosheets. Growth was tracked by optical density
measurements (ODgoo) using the Tecan Infinite M200 Pro microplate reader (Tecan Group Lid.,
Switzerland). The plate was incubated at 34.5-35.5 °C. Prior to each reading, the plate was agitated
in rotational mode for 1000 s. The minimum inhibitory concentration (MIC) is considered to be the

lowest concentration tested with complete growth inhibition after 24 hr. The optical density (ODgoo)



at each time point was normalized according to methods previously reported for growth assays of
nanoparticles® by subtracting the baseline optical density value at the initial time point (#=0) from
each measured optical density value. The mid-exponential phase growth rate was calculated by
determining the slope of the linear portion of the semi-logarithmic plot, and lag time was determined
as the intersection of the linear regressions of the exponential and lag portions of the semi-logarithmic
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growth profiles.
2.3.3 Membrane Integrity Assay

Bacterial cells harvested in mid-exponential growth phase were washed three times to remove nutrients
by centrifuging at 3000¢ for 5 min and re-suspending in PBS (Sigma). After the final wash, the bacteria

were re-suspended in PBS to achieve a final ODgpo=1.

For Live/Dead experiments with GO nanosheets, bacteria were incubated for 15 hr with nanosheets
(0.250 mg/mlL) in PBS buffer (200 pL total volume) in 96-well untreated microscopy plates (IBIDI).
For Live/Dead experiments with sponges, 200 UL of bacteria were incubated with small samples (0.125
g) of hydrated sponges in 96-well untreated microscopy plates (IBIDI). In this study, it was not
intended to compare the antimicrobial activity of the functionalized GO nanosheets and the
functionalized sp-GO, therefore, the mass of GO or antimicrobial agent was not matched in these

experiments. Therefore, the results of these experiments cannot be compared directly.

Following incubation, all of the samples were stained using the Live/Dead BacLight® (Molecular
Probes) viability kit. The green fluorescent stain (SYTO-9) permeates cell membranes and stains all
bacteria, while the red fluorescent stain (propidium iodide) only penetrates cells with compromised
membranes. Samples were imaged using a Zeiss LSM800 confocal laser scanning microscope equipped
with a Plan-Apochromat oil-immersion 63X objective. Three biologically distinct replicates were
prepared and a total of 30-50 images were obtained for each condition. Z-stacks were compiled with
Zen Black imaging software (Zeiss, version 2.3). Image analysis was performed using Image] software.
Briefly, the color channels in each image were split and the pixel area of red fluorescence and total
fluorescence was measured. The percentage of compromised cells was calculated as the ratio of red

biomass to total biomass.



2.4. Removal of Bacterial Contaminants by sp-GO in Continuous Flow

A 1 cm diameter glass column (GE Life Sciences) was used for continuous flow experiments. A Nylon
membrane (Spectrum Laboratories, mesh opening 70 pm) was laid onto the bottom end piece of the
glass column. Next, a layer of clean acid-washed® quartz sand (2 g, mesh size 50/70) was added. A
water saturated sp-GO sample (40 mg GO) was crushed using a metal spatula and wet-packed into
the column filled with electrolyte solution. All tubing in the column apparatus were purged of air and
filled with electrolyte during the column packing process. An electrolyte flowrate of 0.4 mL/min was
used and the column was allowed to equilibrate until constant and low background absorbance values
were attained. A UV-vis spectrophotometer (Agilent HP8453) with a 30 pL flow cell was used to
monitor the effluent bacteria concentration at 600 nm wavelength. In addition to absorbance
measurements, aliquots were collected at (#=0, 60, 120, 180 min). Effluent samples were serially
diluted and plated using the drop-plate colony forming units (CFU) method.*® 0.1x PBS buffer having
an ionic strength of 16 mM was used as the electrolyte. Samples of spent filter material were collected
after 180 min of operation, and stained using the BacLight® Live/Dead kit. Confocal laser scanning
microscopy (Zeiss LSM800) was used to image the bacteria present in the sponge material after use,

in order to determine antimicrobial performance of the sponge material in continuous flow operation.

3. Results and Discussion

3.1. Functionalization of GO nanosheets and sponges with antimicrobial agents

The selected antimicrobial agents all contain amine groups that can be exploited for functionalization
by amide bond formation with carboxyl groups on the GO nanosheet and sp-GO surface. The amide
bond is stable due to its covalent nature and the resonance between the nitrogen electron pair and the
adjacent carbonyl group; the amide bond stability has been exploited for the functionalization of
graphene oxide and polymer materials.”* The antimicrobials were first immobilized on the GO
nanosheets, the building blocks of the sponge. Zeta-potential ({) of the different nanosheets was

measured to compare the surface charge of pristine GO and functionalized GO (Table S1). The zeta-
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potential of GO (0.04 mg/mL) was —48 + 3 mV. GO has a high density of oxygen-containing groups
that renders the surface negatively charged overall. Functionalized GO shows an increase in zeta-
potential with a measured ({) of 27 mV + 1,42 mV ¢ 1, and =5 mV = 2 for the GO/NIS, GO/LYS
and GO/PLL, respectively. Since all of the antimicrobial agents carry a net positive charge, an increase
in surface charge is preliminary evidence of successful functionalization of the GO nanosheets. XPS
analysis was performed to confirm functionalization of GO nanosheets by EDC/NHS coupling
chemistry and to determine the elemental composition of the functionalized GO nanosheets. While
no nitrogen content was detected in the pristine (non-functionalized) GO samples, after
functionalization, 6-10 at% nitrogen was detected (Table S2). Furthermore, when the quantity of NIS
and LYS was doubled during the functionalization reaction, the at% nitrogen also approximately

doubled, suggesting consistent and successful immobilization by EDC/NHS coupling chemistry
(Table S2).

Having demonstrated successful functionalization of the GO nanosheets, functionalization of sp-GO
was undertaken. A post-synthesis functionalization process was used to avoid potential damage to the
antimicrobial agents by the low pH and elevated temperature (95 °C) used during sponge synthesis.
The sponge network is formed by a reduction process where vitamin C is used both as a soft template
and reducing agent.!! During sp-GO self-assembly, the GO nanosheets undergo partial chemical
reduction by vitamin C, which potentially decreases the number of carboxyl groups available for
subsequent functionalization. Therefore, while functionalization was demonstrated in the GO
nanosheet system, successful functionalization in the physically and chemically distinct sp-GO

material is not guaranteed.

Immobilization of the antimicrobials on the as-synthesized sponge (sp-GO) was confirmed by XPS;
and while no nitrogen was detected in sp-GO controls, ~5-6 at% nitrogen was detected in the
functionalized sp-GO samples (Table 1). It is relevant to note, however, that for the same 1:1 reaction
ratio immobilized on the GO nanosheets, the atomic composition of nitrogen was ~10-11% (Table
S§2). This suggests that immobilization on the sponge is in fact less effective than on the nanosheets,

as expected due to the partial reduction of oxygen-containing groups during sponge synthesis.
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Nonetheless, the XPS data confirms that immobilization of antimicrobials on the sp-GO material was

achieved.

Table 1. Atomic composition of functionalized sponges (sp-GO) for a reaction ratio of 1:1.

Material Cis Ou, N
sp-GO 84.8 £ 0.5% 15.2 + 0.4% nd. *
sp-GO/NIS 77.6 + 2.6% 16.9 + 1.5% 5.5+ 1.4%
sp-GO/LYS 77.9 + 2.6% 16.1 +2.2% 6.0+0.7%
sp-GO/PLL 79.8 + 0.65% 12.1 + 0.4% 8.2+0.2%

* n.d.: none detected

Deconvolution of the XPS Ci; and Ny, peaks was performed to provide insight into the nature of the

carbon and nitrogen bonding in the functionalized sponges. Representative de-convoluted spectra for

GO, sp-GO sp-GO/PLL are presented in Figure 1. The de-convoluted peak spectra of all other

conditions can be found in Figures S2 and S3.
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Figure 1. Deconvoluted XPS spectra of a) GO Cy;, b) sp-GO Cis, ¢) sp-GO/PLL Cys, d) sp-GO/PLL
N, peaks.

Peak positions and integrated area-based percentages are presented in Table 2. A characteristic GO Ci,
peak profile is seen in the GO control (Figure 1a) with peaks at approximately 284.3 ¢V (sp? carbon,
C=C), 285.6 ¢V (sp’ carbon, C—C), 286.6 ¢V (hydroxyl, C—OH), 287.7 ¢V (carbonyl, C=0), and
289 eV (carboxyl, COOH). The epoxide (C—O—C) peak has been assigned to overlap with the
carbonyl peak (287.7 V) due to the large chemical shift into the C=O emission range which has been
reported for graphene oxide materials.”* ¢ The deconvoluted peak positions correspond well with
results for other similar GO based materials in the literature.” 3¢ 4546163 A expected, the GO surface
in the sp-GO (Figure 1b) has been chemically reduced during sponge formation as evidenced by the
large sp? carbon peak and lower hydroxyl, epoxide and carboxyl contents relative to the GO

nanosheets.
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Table 2. Summary of deconvoluted Ci; and Ny, peaks in the functionalized sponge materials.

Samples Cis Peaks Nis Peaks
% C=C (sp?) % C-C (sp’) % C-OH % C=0, CN % C— %HN-C=0 % C-NH2 % N-O, NH35"
(-284.3 V) (-285.6) (-286.6) (-287.7) OOH (-399 eV) (-400 eV) (-401)
(-289)
sp-GO 69.7 14.2 8.6 3.7 3.7 n.d. n.d. n.d.
sp-GO/NIS 67.9 17.3 6.4 5.1 3.3 68.5 17.8 13.7
sp-GO/LYS 48.4 26.5 8.5 11.3 5.3 75.2 15.0 9.8
sp-GO/PLL 59.9 26.1 3.7 9.5 0.8 85.3 9.8 4.8

The XPS results also provide insight into the nature of bonding in the functionalized sponges.
Although it is expected that the carboxyl groups present on the sp-GO surface are used in amide bond
formation during the functionalization process, as shown in Figure S1b, in the sp-GO/NIS and sp-
GO/LYS material, the percentage of carboxyl groups does not change significantly. This may be
attributed to the carboxyl groups present in the NIS and LYS structures. By contrast, in the sp-
GO/PLL sample, the percentage of carboxyl groups decreases dramatically relative to the sp-GO
material. This is reasonable since PLL does not contain a large number of carboxyl groups in its
structure. All functionalized samples show an increase in the 287.7 €V carbonyl (C=0) peak. The C-
N and carbonyl bonds have similar binding energy; therefore, in the functionalized sample, the
increase in the 287.7 peak may be the result of carbon-nitrogen bonding in the structure. High
resolution scans of the nitrogen N, peak also provide information about the success of immobilization.
The presence of a prominent peak at 400 eV corresponds to the binding energy of the amine groups.
The presence of this group suggests that the increase in nitrogen content is in fact derived from the

antimicrobial agents and not from entrained nitrogen, or other contaminating species.

ATR-FTIR spectra were obtained for the functionalized sponge samples and used to corroborate the
surface chemistry analysis performed by XPS (Figure 2). In the non-functionalized sponge samples,
key peak regions were identified. A broad peak at ~ 3300 cm™ is observed which corresponds to the
OH stretching mode. This broad region may also correspond to water entrained within the sample. A

large peak at 1600 cm™ corresponds to C=C stretching vibrations. A slight peak at 1715 cm™ is

14



attributed to the C=O stretching vibrations in unreacted carboxyl groups. A broad peak in the range
of 1300-1400 cm™ can be assigned to sp> CH bending. In the range of 1200 cm™and 1110 cm!, peaks
are assigned to C-O stretching. The peak assignments correlate well with reduced GO FTIR spectra
for similar materials found in the literature,®“° however, unlike other systems, and in line with our
XPS results, the sp-GO is not completely reduced as evidenced by the presence of carboxyl, hydroxyl
and carbonyl peak regions. This suggests that the sponge material has sufficient oxygen-containing

groups needed for functionalization by EDC/NHS coupling chemistry.

A peak corresponding with C=0O stretching in the amide group NHC=O is found for NIS, LYS and
PLL at 1652, 1654, and 1662 cm™ respectively (Figure 2) and this corresponds well with the amide I
peak reported in the literature.””* %% This key feature found in all of the antimicrobial agents is
absent in the GO and sp-GO materials and can be used to infer successful functionalization. A second
amine peak in the range of 1550 cm™ corresponds to NH in plane bending, and is consistent with the
amide II peak in the literature.”” > %% An additive effect can be observed in the functionalized
samples. In both the sp-GO/NIS and sp-GO/LYS samples, the spectra of the functionalized material
resemble that of sp-GO. However, after functionalization, a peak broadening occurs in the range of
1500 cm™ and 1000 cm™. Individual peak positions cannot be reliably identified and the spectra of
the composite materials appear to be the additive result of the constituents. By contrast, in the sp-
GO/PLL sample, while some peak broadening occurs in the range of 1000 cm’, key features of sp-
GO and PLL such as the C=0 stretching peak at 1700 cm™, C=C stretching at 1600 cm™ and the
amide I peak at 1650 cm™ can still be identified. The FTIR measurements corroborate the XPS data

and provide additional evidence of functionalization wi e selected antimicrobial agents.
d provide additional evid f functionalizat th the selected ant bial agent
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Figure 2. ATR-FTIR spectra of pristine sponges and a) sp-GO/NIS, b) sp-GO/LYS, ¢) sp-GO/PLL.

The spectra of the antimicrobial agents alone are also shown.
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3.2. Morphology of the GO sponges

The pristine and functionalized sp-GO were imaged by SEM to understand the effect of
functionalization on pore morphology. A hierarchical porous structure consistent with our previous
work on GO sponges reduced with excessive amounts of vitamin C is observed in all samples."
Hierarchical porosity is advantageous for the effective mass transport of contaminants while
maintaining a high surface area for adsorption. In the pristine sp-GO sample, a two-tiered hierarchical
structure is observed with large primary pore size on the order of 500 pm (Figure 3a). The walls of the
large primary pores are composed of smaller secondary porous structures with diameters on the order
0f 50-100 pm (Figure 3b). SEM images show that this hierarchical pore structure is consistent in both
functionalized and pristine sponge samples (Figure 3). No apparent damage or collapse of pores is
observed in the samples after functionalization suggesting that the chemical process is mild and does

not damage the pore structure.

A slight expansion of the sp-GO (Figure 3a-c) pore system is observed after functionalization with the
polyamide PLL (Figure 3j-1) and both the primary and secondary pores become more open and
rounded. Furthermore, the pore walls in the sp-GO/PLL sample (Figure 31) appear to be thinner
relative to the pristine sp-GO (Figure 3c¢). Exfoliation and intercalation in GO/polymer systems has
been previously reported and was correlated to expansion of the GO stacked sheet structure and

66-67

increase in inter-sheet spacing.®*®” The expansion effect and thinning of the pore walls is less

pronounced in the GO/NIS (Figure 3d-f) and GO/LYS (Figure 3g-i) materials, likely due to the

smaller size of the NIS and LYS biomolecules as a result of their folded structure.
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Figure 3. SEM micrographs demonstrate hierarchical porous structure in a-c) sp-GO, d-f) sp-
GO/NIS, g-i) sp-GO/LYS, and j-1) sp-GO/PLL.
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3.3. Antimicrobial Activity of Functionalized GO and sp-GO

3.3.1 Growth inhibition by functionalized nanosheets (GO/NIS, GO/LYS and GO/PLL)

Bacterial growth curves were measured for preliminary evaluation of antimicrobial activity of NIS,
LYS, and PLL before and after immobilization on the GO surface. Minimum inhibitory concentration
(MIC) was determined for the selected antimicrobial agents NIS, LYS, and PLL (Table S3). All
antimicrobial agents were capable of completely inhibiting growth of the model Gram-positive strain
B. subtilis. However, only PLL was capable of completely inhibiting the growth of the model Gram-
negative strain E. coli K12. The resistance of the Gram-negative bacterium to LYS and NIS can be
explained by its outer cell structures. Lysozyme causes cleavage of bonds in peptidoglycan, the major
structural component in bacterial cell walls.’’ In Gram-positive organisms such as B. subtilis, the cell
wall is the outermost protective layer of the cell which allows LYS to easily access its substrate. By
contrast, Gram-negative organisms such as £. coli have an additional outer membrane surrounding the
cell wall that hinders access to peptidoglycan, and allows the cells to continue to grow even in the
presence of LYS, although coupling LYS with membrane destabilizing treatments can improve
antimicrobial efficacy.®*® Similarly, the outer cell membrane of Gram-negative organisms likely
interferes with the mode of action of NIS.”® While NIS completely inhibited bacterial growth in the
model Gram-positive organism, complete inhibition was not observed with Gram-negative E. coli at
the concentrations tested, likely due to the presence of the outer membrane which prevents the
antimicrobial peptide from accessing and inducing pore formation in the cytoplasmic membrane. At
sub-MIC concentrations, extended lag phase and diminished growth rate were observed, as described

in more detail in Figures S5-§7.

Conservation of bacteriostatic activity of the antimicrobial agents after immobilization on the GO
surface was evaluated from bacterial growth curves (Figure 4). Measurement of antimicrobial behavior
of suspended nanosheets poses several challenges including the color of the nanosheets themselves and
the potential for nanosheet aggregation during the experiment. The nanosheets were evaluated at 250
Hg/mL because at this concentration the aggregation effects are minimal and do not interfere with

optical density measurements (Figure S8). Although changes to bacterial growth behaviour such as
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extended lag phase and slower growth rate were observed in the presence of pristine or functionalized
GO nanosheets (Figures 4, §9-S10), complete inhibition of growth was not achieved. It was not

possible to increase the nanosheet concentration further due to colloidal stability limitations.
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Figure 4. Representative bacterial growth curves for a) B. subtilis and b) E. coli exposed to pristine GO
and functionalized GO nanosheets. Concentration of nanosheets in all conditions was 250 pg/mL.
Optical density values were normalized by subtracting the baseline optical density at the initial time
point (#=0). Each growth curve represents a separate biological replicate, and error bars represent +

standard deviation on 6 technical replicates for each experiment.

Semi-quantitative analysis of the lag and exponential phases of bacterial growth (Table S4) provided
insight into the impact of the functionalized nanosheets on bacterial growth dynamics. Pristine GO
caused a slight decrease in growth rate but did not impact the lag phase in the organism B. subzilis.
GO/LYS showed some antimicrobial activity against B. subtilis as evidenced by the slight change in
growth rate. However, growth did occur at later time points. This may be an indication that the MIC
was not reached or that antimicrobial efficacy was lost during incubation.”> GO/NIS showed
inhibitory activity against B. subtilis as evidenced by an extended lag phase, significant decrease in
growth rate and lower final optical density. GO/PLL led to an extended lag phase and lower growth

rate, although growth occurred at later time points. Growth of E. coli was only investigated with
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pristine GO and GO/PLL because preliminary MIC experiments with NIS and LYS did not show
evidence of antimicrobial activity against this Gram-negative species (Figures S5-S7). A decrease in

growth rate was observed upon exposure to the functionalized GO/PLL material.

The bacteriostatic activity of the functionalized sp-GO was not evaluated by the growth inhibition
assay, since optical density measurements of an opaque, solid system are not possible. More
importantly, the growth inhibition assay is designed to detect planktonic phase bacteria, and due to
the porous surface of the sp-GO sponge, bacterial attachment or interaction with the surface is
expected which will cause error in sampling planktonic bacteria and likely result in an underestimation

of total biomass in the system.
3.3.2 Loss of membrane integrity caused by functionalized nanosheets and sponges

The BacLight” membrane integrity assay provides information on biomass with damaged or
compromised cell membranes. Although it cannot be assumed that all cells with compromised
membranes are no longer viable, the membrane integrity assay nevertheless provides an indication of
bactericidal activity of a material. Three-dimensional (z-stack) images were obtained by CLSM (Figure
S11) and provide a qualitative representation of the bacterial membrane integrity after 15 hr exposure
to functionalized nanosheets. Cells with green fluorescence have an intact membrane, while cells with
red fluorescence have damaged membranes. The model Gram-positive organism B. subtilis was
evaluated against GO, GO/NIS, GO/LYS and GO/PLL nanosheets. In treatments containing the
functionalized GO nanosheets, increase in red fluorescence is observed relative to the pristine GO.
The model Gram-negative organism E. coli was evaluated against GO and GO/PLL nanosheets.
Although there is no evidence of membrane damage in the GO/PLL condition, there is clear evidence
of bacterial aggregation. In suspension, the functionalized nanosheets and bacteria are free to move.
Electrostatic interactions between the negatively charged bacteria and the cationic PLL would lead to
the aggregation effect observed in the CLSM images (Figure S11). In the context of water treatment,
such interactions may be advantageous, as they may lead to improved removal of bacteria from the

water stream.

21



For each treatment, a minimum of 30 two-dimensional images were captured and analyzed by Image]
to quantify the relative red and green fluorescence (Figure 5). The Gram-positive model organism B.
subtilis shows statistically significant membrane damage upon exposure to GO/NIS, GO/LYS and
GO/PLL in nutrient poor conditions (PBS) for 15 hr. No statistically significant increase in membrane
damage was observed following exposure to pristine GO nanosheets relative to PBS alone which
suggests that increase in membrane damage with the functionalized nanosheets may be attributed to

the presence of the antimicrobial agents rather than intrinsic antimicrobial activity of GO.
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Figure 5. Membrane damage in a) B. subtilis 6633 and b) E. coli K12 exposed to functionalized
nanosheets (250 pg/mL) for 15 hr in PBS. Results represent three biological replicates with a
minimum of 30 images analyzed for each condition. Statistical significance was evaluated by the two-
tailed t-test with a significance threshold of p<0.03.

For E. coli, no statistically significant membrane damage was observed with GO/PLL. However, a
small but statistically significant increase in membrane damage was observed upon exposure to pristine
GO. Evidence of antimicrobial activity of GO against E. coli and higher susceptibility of Gram-
negative strains has been previously reported in the literature and are consistent with the observations
in this work.”* It has been hypothesized that the resistance of Gram-positive organisms to GO may be
the result of the thicker cell wall.>* Future investigations with greater control of material properties
may lend insight into this phenomenon. The lack of antimicrobial activity in the GO/PLL condition
may be attributed to concentration limitations. The MIC value of PLL against E. co/i was substantially

higher than against B. subtilis and this may explain the difference in membrane damage observed in
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these inactivation experiments. Due to limitations of the experimental method (namely, aggregation
at high concentration), the nanosheet concentration tested was 250 pg/mL, and the effective PLL
concentration in the GO/PLL condition was less than half of the observed E. coli MIC value (Table
S3). Therefore, it is not surprising that significant cell death was not observed. Nonetheless, as
previously highlighted, the qualitative observations of increased aggregation in the GO/PLL
conditions suggests that the composite system may hold promise in the field of water treatment due

to the potential for bacteria removal by physicochemical filtration.

Antimicrobial activity of the functionalized sponges was confirmed with the membrane integrity assay
only, since as previously discussed the growth inhibition assay could not be reliably applied to this
system. Representative 3D (z-stack) CLSM images of the sponge after incubation with B. subtilis and
E. coli are shown in Figure 6. The sponge material partially blocks light and therefore the images

capture information about cells on the sponge surface or in the sponge pore space.

B. subtilis ATCC 6633
b) sp-GO/NIS

C) sp—GO/LYS d) sp-GO/PLL

. v, tae
- P
b A8

E. coli K12
f) sp-GO/PLL

Figure 6. CLSM z-stack images of model organisms after 15 hr incubation with sponges in nutrient
poor conditions (PBS). The conditions shown are a) B. subtilis with pristine sp-GO, b) B. subtilis with
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sp-GO/NIS, ¢) B. subtilis with sp-GO/LYS, d) B. subtilis with sp-GO/PLL, ) E. coli with sp-GO, and
f) E. coli with sp-GO/PLL. In all experimental conditions, 0.125 g of sponge and 200 pL of cell
suspension (ODgoo=1) were incubated together. Images represent the sponge and buffer system. Scale
(%,y,2)= (100 pm, 100 pm, 20 pm).

CLSM images were analyzed using colorimetric area based methods using Image] as described in the
methods, and results are presented in Figure 7. The Gram-positive B. subtilis experienced an increase
in membrane damage when exposed to the functionalized sponges relative to the pristine sp-GO and
the control (PBS alone). No statistically significant increase in membrane damage was observed in the
sp-GO material relative to the PBS control. Therefore, loss of cell membrane integrity upon exposure
to the functionalized sponges is attributed to the presence of the antimicrobial agents and not to

antimicrobial properties of the sp-GO itself.

The Gram-negative E. coli exhibited unexpected behavior in the presence of the functionalized
sponges. While a statistically significant increase in cell damage was seen in the sp-GO/PLL sample,
little or no cell membrane damage was observed in the pristine sp-GO condition relative to the control
(Figure 7). This observation is noteworthy, as the GO nanosheet treatment resulted in a small but
statistically significant increase in membrane damage relative to the control in the same species (Figure
5). The absence of any detectable antimicrobial activity by the sp-GO material might be attributed in
part to the lower oxidation state of the sp-GO. While the GO nanosheets are highly oxidized, the sp-
GO has been partially reduced during the sponge synthesis. In the literature, a discrepancy in
antimicrobial activity dependent on the oxidation state has been reported.’ ?* Furthermore, a high
density of edges has been correlated to higher antimicrobial activity of GO nanosheets.”"# In sp-GO,
the partially reduced GO sheets are immobilized, thereby limiting edge effects and decreasing
membrane damage by mechanical means.” Due to differences in their physical and chemical
properties, the antimicrobial activities of GO and sp-GO cannot be compared directly to one another.
However, the divergent pattern in bacterial behavior upon exposure to these different materials is

noteworthy as it highlights the variability in antimicrobial properties of graphene based materials.
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Future studies aimed at developing insight into the effect of oxidation state and physical structure on

antimicrobial activity could allow for the development of tunable GO-based antimicrobial systems.
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Figure 7. Membrane damage in a) B. subtilis 6633 and b) E. coli K12 exposed to functionalized
sponges for 15 hr in PBS buffer. Results represent three biological replicates with a minimum of 30
images analyzed for each condition. Statistical significance was evaluated by the two-tailed t-test with
a significance threshold of p<0.03.

3.4. Material Performance in Continuous Flow System

Removal rates of bacteria by the novel filtration medium were evaluated in a continuous flow column
system. While the removal rates of various chemical contaminants using graphene based systems have
been evaluated in batch mode,* this configuration is less suitable to evaluate the removal of bacteria
due to complex phenomena such as agglomeration, chain-forming behavior, biofilm development,
and bacterial swim capability. Gravity filtration experiments have been used to study the removal of

4.9 or networks,” *° however, bacterial removal by

bacteria by graphene based nanocomposites
graphene based macrostructures in a continuous flow mode has not been previously evaluated. A
continuous flow system (packed column) as shown in Figure S12 was used to study removal of B.
subtilis and E. coli with sp-GO or sp-GO/PLL as filter media. In these proof-of-concept experiments,

only the sp-GO/PLL was tested as a functionalized material as it exhibited promising antimicrobial

activity against both strains of bacteria (Figure 7).

Representative bacteria breakthrough curves are shown in Figure 8. Retention of bacteria by the filter
material was determined by numerical integration of the breakthrough curves to compare the
performance of the functionalized sp-GO/PLL material to the pristine sp-GO. The overall retention
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of B. subtilis by sp-GO was 45%, while retention by sp-GO/PLL was 59%. The mechanism of removal
is likely by a combination of physicochemical attachment and physical straining.”” The physical
properties of the sp-GO and sp-GO/PLL were equivalent and therefore the contribution of physical
straining to bacterial removal is expected to be similar in both materials. Hence, the improved bacteria
retention by sp-GO/PLL is likely the result of electrostatic interactions, due to the cationic polyamide
PLL. The breakthrough profile for the sp-GO/PLL condition shows a deflection point after 60 min
revealing improved bacteria retention in the first 120 min of operation (Figure 8a). Culturability of
bacteria in the effluent also decreased in the sp-GO/PLL condition relative to sp-GO (Figure 8a). A
slight difference in transport behavior is also observed in the flushing phase of the experiment. After
180 min of injection, the bacterial suspension was replaced with PBS. While the concentration of
bacteria in the effluent began to drop immediately, in the sp-GO column, the concentration never
reached background levels suggesting that the retained bacteria was only weakly bound to the sponge
and was being continuously released from the filter media. By contrast, in the sp-GO/PLL column,
the effluent concentration reached background levels more rapidly suggesting that bacteria were more
tightly bound to the filter medium and less likely to contaminate the filtered effluent. The kinetic
measurements in this experimental set-up shed light on transport phenomena that may not be noted

in batch or gravity filtration experiments.
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Figure 8. Representative breakthrough curves of a) B. subtilis 6633 and b) E. coli K12 (ODgoo= 0.5)
filtered through the sp-GO and sp-GO/PLL material. Bacteria concentration in the effluent was
recorded by optical density measurements and colony counting (CFU) and is normalized to influent
concentration. Representative CLSM z-stack images of ¢) B. subtilis in sp-GO filter, d) B. subtilis in
sp-GO/PLL filter, ¢) E. coli in sp-GO filter, and f) E. coli in sp-GO/PLL filter after 180 min use in
column are also provided. Scale (x,y,z)= (100 pm, 100 pm, 20 pm).

Similarly, an increase in E. coli retention, as measured by optical density and culturability, was observed
in the functionalized sp-GO/PLL relative to the sp-GO control (Figure 8b). The retention of E. coli
by sp-GO was 25%, while retention by sp-GO/PLL was 61%. In the column packed with the pristine
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sp-GO, the retention of E. coli was lower than the retention of B. subtilis. This discrepancy may be
related to the chain-forming behavior of B. subzilis which allows for physical straining to play a more
significant role in bacteria retention. Modulating the pore size and structure, packing density and flow
parameters may improve filtration of a broader range of bacteria by increasing retention by both

physicochemical filtration and physical straining.

The antimicrobial activity of the filter media in continuous flow mode was evaluated. Samples of the
spent column were obtained immediately after 180 min operation, stained and imaged by CLSM
(Figure 8c-f). The percentage of B. subtilis cells with membrane damage was 5 + 2% in sp-GO and 53
+ 10% in sp-GO/PLL. These results suggest that an antimicrobial effect is observed in a flow mode as
well in batch operation (Figure 7). It is important to note however, that the membrane damage was
slightly higher in the batch system than in the column system. This discrepancy may be attributed to
longer exposure time to the antimicrobial agents in the batch configuration. E. co/i membrane damage
was 2 + 2% in sp-GO and 31 + 6% in sp-GO/PLL. The increase in cell membrane damage in both
model organisms upon exposure to the functionalized sp-GO/PLL material demonstrates that
antimicrobial activity does not require extremely long contact time and antimicrobial properties are

retained in a flow system.

4. Conclusions

Biologically-derived antimicrobial agents hold promise in antimicrobial device applications due to
their capacity for immobilization, relatively low cost, and safety. In this work, growth inhibition assays
showed that while the antimicrobial agents show promise, they are not all effective against the classes
of bacteria tested. Namely, NIS and LYS are only effective against the Gram-positive model organism
B. subtilis, while PLL inhibited the growth of both B. subtilis and Gram-negative E. coli. The GO
nanosheet building blocks were functionalized by the natural, antimicrobial agents using carbodiimide
(EDC/NHS) coupling chemistry and antimicrobial activity of GO nanosheets was improved with the

incorporation of the natural antimicrobial agents. The direct utilization of antimicrobial GO
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nanosheets for water treatment presents challenges, due to difficulty in removing the nanomaterial
from the treated water. Therefore, the hierarchical sp-GO!" sponge designed for water treatment
applications was functionalized using the coupling methods developed in the colloidal GO system.
Functionalization of the surface was confirmed by XPS and FTIR spectroscopy. The sp-GO material
has a hierarchical pore structure, and the pore architecture is not altered after functionalization, as
shown by SEM. Antimicrobial activity of the functionalized sponge was evaluated by membrane
integrity assay, both in batch and continuous flow (column) systems. Increase in membrane damage
upon exposure to the functionalized material was observed relative to PBS alone and pristine non-

functionalized sp-GO, although complete loss of viability was not achieved.

In order to gain insight into the applicability of the sp-GO as a filtration medium, packed-column
bacterial transport experiments were performed. Bacteria retention was improved in the functionalized
sp-GO/PLL material relative to the pristine sp-GO. The improved retention of bacteria by the
functionalized material is likely due to electrostatic interactions, since the physical characteristics of
the filter media were equivalent. The retention of the two model bacteria varied, and it is likely that
the chain forming behavior of B. subtilis contributed to additional bacterial retention by physical
straining. In order to further improve bacteria retention and to develop an effective filtration system,
the packing density and pore size of the sponge material could be tuned to increase the contribution
of straining phenomena to bacteria retention. Characterization of spent samples of the sponge material
after use in the continuous flow system showed up to -50% membrane damage. The novel,
functionalized, hierarchical, antimicrobial sponge exhibits improved bacteria retention in continuous

flow filtration and has demonstrated antimicrobial activity in both batch and continuous flow tests.
Supporting Information

Schematic of functionalization of GO nanosheets and sp-GO sponges, Zeta-potential measurements
of functionalized GO nanosheets, XPS measurements of functionalized nanosheets and sponges, De-
convoluted Ci; and Ny, peaks of functionalized nanosheets and sponges, ATR-FTIR spectra of
functionalized nanosheets, MIC experiments with free antimicrobial agents, Growth inhibition

experiments with functionalized nanosheets, CLSM images of functionalized nanosheets.
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