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ABSTRACT 45 

Forward osmosis (FO) is an emerging membrane process with potential applications in the 46 

treatment of highly fouling feedwaters. However, biofouling, the adhesion of microorganisms to 47 

the membrane and the subsequent formation of biofilms, remains a major limitation since 48 

antifouling membrane modifications offer limited protection against biofouling. In this study, we 49 

evaluated the use of graphene oxide (GO) for biofouling mitigation in FO. GO functionalization 50 

of thin-film composite membranes (GO-TFC) increased the surface hydrophilicity and imparted 51 

antimicrobial activity to the membrane without scarifying its transport properties. After 1 h of 52 

contact time, deposition and viability of Pseudomonas aeruginosa cells on GO-TFC were 53 

reduced by 36% and 30%, respectively, compared to pristine membranes. When GO-TFC 54 

membranes were tested for treatment of an artificial secondary wastewater supplemented with P. 55 

aeruginosa, membrane biofouling was reduced by 50% after 24 hours of operation. This 56 

biofouling resistance is attributed to the reduced accumulation of microbial biomass on GO-TFC 57 

compared to pristine membranes. In addition, confocal microscopy demonstrated that cells 58 

deposited on the membrane surface are inactivated, resulting in a layer of dead cells on GO-TFC 59 

that limit biofilm formation. These findings highlight the potential of GO to be used for 60 

biofouling mitigation in FO membrane design.  61 

62 
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INTRODUCTION 63 

With a growing world population, global climate change, and intensification of human activities, 64 

water availability is becoming one of the most important environmental challenges facing 65 

humanity.
1
 Membrane-based technologies for water treatment, water reclamation, and 66 

desalination are some of the most effective strategies to address global water quality and scarcity 67 

issues.
1–3

 However, membranes are prone to fouling, that is, the accumulation of organic, 68 

inorganic, or biological foulants on the membrane, which decrease permeate flux, membrane 69 

selectivity, and useful lifetime.
1
 The design of effective fouling control strategies is therefore one 70 

of the main technical challenges in membrane-based water treatment. 71 

Forward osmosis (FO) is an emerging membrane process that uses the osmotic difference 72 

between a concentrated draw solution and a dilute feed solution to induce spontaneous solvent 73 

permeation through a semipermeable membrane.
4
 This osmotic driving force results in a foulant 74 

layer that is less compact and more easily cleanable than in pressure-driven processes such as 75 

reverse osmosis (RO).
5,6

 As a result, FO has emerged as a practical approach to treat waters with 76 

high fouling potential like wastewater or activated sludge.
4,7,8

 However, fouling is still 77 

detrimental to FO operations due to cake-enhanced concentration polarization, which decreases 78 

the osmotic driving force for permeation and demands frequent system interruptions for 79 

membrane cleaning. .
4,7

 Therefore, improving the resistance of membranes to fouling can 80 

contribute to the successful implementation of FO technologies.  81 

 FO membrane fouling propensity is associated with the membrane surface roughness, 82 

relative hydrophobicity,  and its high density of carboxyl groups.
9,10

 These factors are typically 83 

found in the polyamide thin-film composite (TFC) membranes used in FO. To avoid excessive 84 

fouling, modified TFC membranes have been developed to decrease foulant adsorption.
10

 85 

Common antifouling modifications include polymer brushes, zwitterions, and superhydrophilic 86 

nanomaterials.
10–13

 Such modifications were shown to improve the membrane resistance to 87 

fouling caused by organic molecules like proteins, polysaccharides, or natural organic matter.
11–

88 

13
  89 

However, fouling in complex waters is likely to involve both organic and biological 90 

foulants. In FO-based treatment of secondary wastewater, fouling was found to be dominated by 91 

biopolymers, proteins, and microorganisms.
14

 Biological fouling, or biofouling, involves the 92 



 5 

adsorption of microorganisms to the membrane and their development into microbial 93 

communities enclosed in extracellular polymeric substances (EPS).
15

 The contribution of 94 

biofouling makes fouling mitigation more challenging since membrane modifications aiming to 95 

reduce foulant adsorption often have a limited effect on biofilm formation.
16,17

  96 

To specifically target biofouling, antimicrobial properties have been imparted to 97 

membranes.
18–20

 Antimicrobial membranesinactivate bacterial cells at contact,  reducing the 98 

initial rate of biofilm formation.
20

 However, their long-term efficiency is limited by the eventual 99 

depletion of biocide or the accumulation of dead cells on the surface, which will shield the 100 

antimicrobial material. Recent efforts have thus been made to design membranes with both 101 

antimicrobial and antifouling properties, where membranes are modified in multiple steps with 102 

sequential grafting of polymer brushes or zwitterions, for antifouling properties, and 103 

nanoparticles or polycations, for antimicrobial activity.
21–23

 While these modifications represent 104 

more complex membrane functionalization, the combination of antifouling and antimicrobial 105 

properties was highlighted as the most effective approach to mitigate membrane biofouling.
20

 106 

Graphene oxide (GO) is a carbon-based nanomaterial composed of a single layer of sp
2
-107 

bonded carbon decorated with a high density of oxygen functional groups.
24

 Due to its high 108 

surface area and colloidal stability in aqueous conditions, GO is extensively investigated as a 109 

platform material for novel membrane designs.
25,26

 Notably, its incorporation into membranes 110 

was found to improve their resistance to fouling by reducing both surface roughness and 111 

hydrophobicity.
27,28

 GO also possesses bactericidal properties and can induce a disruption of the 112 

cell membrane when bacteria come into contact with GO.
26,29–31

 Therefore, GO may be an 113 

excellent material for the development of biofilm-resistant membranes as it can impart both 114 

antimicrobial and antifouling properties to a surface. Membrane surface functionalization with 115 

GO was previously shown to impart antimicrobial properties to its active layer;
30,32

 however, its 116 

biofouling mitigation potential remains to be demonstrated in membrane operations. 117 

In this paper, we evaluated the use of GO for biofouling mitigation in FO. GO-118 

functionalized membranes were exposed to an artificial secondary wastewater feed, to which the 119 

biofilm-forming bacterium Pseudomonas aeruginosa was added, and tested in a bench-scale 120 

cross-flow FO unit. We demonstrated that when membranes are functionalized with GO (GO-121 

TFC), water flux decline due to biofouling is reduced. Analysis of the structure and composition 122 
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of the biofilm formed on the membrane, in conjunction with a characterization of the change in 123 

surface properties imparted by GO, provided insights on the mechanisms involved in biofouling 124 

mitigation by GO. These findings highlight the potential of GO to be utilized as a biofouling 125 

control material in FO membrane design.  126 

 127 

MATERIALS AND METHODS 128 

Graphene Oxide Synthesis and Characterization. GO was produced by chemical 129 

oxidation of graphite by KMnO4 in a mixture of H2SO4 and H3PO4, as previously described.
33

 130 

Spectroscopic characterization was realized on dry GO powders. Raman spectroscopy was 131 

performed on a Horiba Jobin Yvon HR-800 spectrometer with a 532 nm excitation. Fourier-132 

Transformed Infrared (FTIR) spectra were collected using a Thermo Nicolet 6700 spectrometer. 133 

X-ray photoelectron spectroscopy (XPS) was performed on a ThermoScientific ESCALAB 250 134 

with a monochromatized AI X-ray source. For microscopy analysis, GO sheets were drop-casted 135 

on a silicon wafer. Atomic Force Microscopy analysis was performed in tapping mode with a 136 

Bruker Multimode AFM (Digital Instruments, Plainview, NY) equipped with a Tap300Al-G 137 

cantilever (BudgetSensors, Sofia, Bulgaria). SEM analyses were done on a Hitachi SU-70 138 

microscope (Hitachi High Technologies America, Inc., Clarksburg, MD). The antimicrobial 139 

activity of GO was verified by measuring the cell viability of P. aeruginosa cells deposited on a 140 

pure GO layer. Cell viability was measured after 1 h by staining the cells with SYTO 9 and 141 

propidium iodide (PI) and quantifying live and dead cells with an Axiovert 200M 142 

epifluorescence microscope (Carl Zeiss Inc., Thornwood, NY). Further information on GO 143 

synthesis and characterization is given in the Supporting Information (SI). 144 

Membrane Functionalization. GO was covalently bound to FO membranes by a 145 

previously described amide coupling reaction.
32

 Briefly, the carboxyl groups on the membrane 146 

polyamide layer are converted to amine-reactive esters by reaction with 4mM N-(3-147 

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and 10 mM N-148 

hydroxysuccinimide (NHS) for 1 h. The amine-reactive esters are then used to attach 149 

ethylenediamine to the membrane. Finally, GO (10 mg) is reacted with 2 mM EDC and 5 mM 150 

NHS for 15 min, to activate its carboxyl groups, and placed in contact with the ethylenediamine-151 

rich membrane for amide coupling. The detailed functionalization protocol is provided in the SI. 152 
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Membrane Characterization. Raman spectra were collected on a Horiba Jobin Yvon HR-153 

800 spectrometer using a 532 nm laser excitation. For SEM imaging, samples were sputter-154 

coated with chromium and imaged with a Hitachi SU-70 microscope. Membrane hydrophilicity 155 

was evaluated by the sessile drop method using a Theta Lite Optical Tensiometer TL100 156 

(Attension, Espoo, Finland), using a drop volume of 5 µL. Surface roughness was measured  in 157 

tapping mode with a Dimension Icon AFM equipped with a SNL-10 SiN cantilever (Bruker, 158 

Santa Barbara, CA). The membrane water permeability, A, salt permeability, B, and structural 159 

parameter, S, were determined according to a method previously described.
34

 Draw solution 160 

concentrations of approximately 0.2, 0.4, 0.7, and 1.2 M NaCl, and DI as feed solution, were 161 

used for the different characterization steps. 162 

Bacterial Adhesion and Viability. Membrane coupons of 3.5 cm
2 

were placed in plastic 163 

holders leaving only the active layer exposed. A 3 mL suspension volume of P. aeruginosa (~10
8
 164 

CFU mL
-1

) was contacted with the surface for 1 h at room temperature. The membranes were 165 

washed to remove non-attached cells and cell viability was determined by staining the cells with 166 

3.34 µM SYTO 9 and 20 µM PI. The membranes were rinsed twice before mounting on a 167 

microscopic slide. Ten pictures per replicate were taken with an Axiovert 200M epifluorescence 168 

microscope (Carl Zeiss Inc., Thornwood, NY) and analyzed with Image J (National Institutes of 169 

Health, MD). 170 

AFM Adhesion Force Measurements. Adhesion forces between the membrane and a 4 171 

μm carboxylated latex particle (Life Technologies, Eugene, OR) were measured on a Dimension 172 

Icon AFM (Bruker, Santa Barbara, CA). Particle-functionalized AFM probes were prepared 173 

according to a procedure previously described.
35

 Force measurements were collected in synthetic 174 

wastewater media using a trigger force of 1 nN, a ramp size of 1 µm, and a ramp rate of 0.5 Hz. 175 

More details on AFM measurements are given in the SI. 176 

Membrane Biofouling Experiments. Biofouling experiments were carried out in a 177 

closed-loop, bench-scale FO unit. The active membrane area was 20.0 cm
2
. An artificial 178 

secondary wastewater medium (ionic strength of 16 mM, pH of 7.6) was used as a feed solution 179 

(detailed in Table S1).
36

 The draw solution was prepared using NaCl and the concentration 180 

adjusted to achieve an initial water flux of 20 ± 1 L m
-2 

h
-1

 (~ 1 M NaCl draw). For each 181 

membrane, a baseline run was conducted without bacteria to account for the dilution of the draw 182 
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solution during experiments. The permeate flux was stabilized at 20 ± 1 L m
-2 

h
-1

 before addition 183 

of P. aeruginosa to an initial concentration of ~6.0 × 10
7
 CFU L

-1
. The FO system was operated 184 

for 24 hours at a flow rate of 8.5 cm s
-1

. The permeate flux was continuously monitored and the 185 

temperature maintained at 25 ± 1 
o
C. At the end of the biofouling experiment, membrane 186 

coupons were cut for biofilm characterization. Biofouling experimental procedures are further 187 

detailed in the SI. 188 

Biofilm Characterization. Membrane coupons (1 cm
2
) were cut from the center of the 189 

biofouled membrane, stained with SYTO 9, PI, and concavalin A (Con A), and mounted in a 190 

custom-made chamber for confocal laser scanning microscopy (CLSM).
37 CLSM images were 191 

captured using a Zeiss LSM 510 (Carl Zeiss, Inc., Thornwood, NY) equipped with a Plan-192 

Apochromat 20×/0.8 numerical aperture objective. Image analysis was performed using Auto-193 

PHLIP-ML, ImageJ, and MATLAB. Biovolumes were determined for the live cells, dead cells, 194 

and EPS (con A-stained) components of the biofilm. Total biovolume and thickness were 195 

calculated by summing live cells, dead cells, and EPS. Quantitative analysis of the biofilm was 196 

also performed by measuring the total protein and organic carbon (TOC) extracted from the 197 

membrane surface. Complete biofilm characterization procedures are detailed in the SI. 198 

 199 

RESULTS AND DISCUSSION 200 

Chemical Oxidation of Graphite to Graphene Oxide. GO was produced by chemical 201 

oxidation of graphite by KMnO4 in concentrated sulfuric and phosphoric acid.
33

 These oxidative 202 

conditions generated multiple defect sites in the graphitic structure, as indicated by the higher D 203 

band intensity in the Raman spectrum of GO (Figure 1a). In carbon nanomaterials, the G band 204 

originates from the sp
2
-bonded carbon structure while the D band reflects the disorder in the sp

2
 205 

structure caused by the presence of defects and sheet edges.
24,38

 Compared to graphite, the G/D 206 

ratio is decreased from 4.5 to 1.09 after oxidation, indicating a high defect density in GO. The 207 

nature of those defects was identified by FTIR and XPS spectroscopy. The FTIR spectrum shows 208 

characteristic peaks for sp
2
 C=C bonds (1615 cm

-1
) as well as oxygenated C–O (1220 cm

-1
), 209 

C=O (1720 cm
-1

), and O–H (3400-3600 cm
-1

) groups (Figure 1b). Analysis of the XPS C1s 210 

spectra reveals that the main oxygenated functional groups are C–O (52%), C=O (7.1%) and O–211 

C=O (5%) (Figure 1c). 212 
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The presence of oxygen functional groups in the graphitic structure increases the 213 

interlamellar spacing in graphite and allows water to seep in between the graphene layers, 214 

facilitating their exfoliation by ultrasonication.
24,26

 AFM topographical analysis showed that the 215 

exfoliated sheets were ~1.4 nm in thickness (Figure 1 d, e), which is equivalent to single layer 216 

GO sheets.
39

 The average sheet dimension, determined by SEM imaging, was found to be 0.19 217 

µm
2
. A representative SEM image of GO sheets deposited on a silicon wafer is presented in 218 

Figure S1. 219 

Graphene Oxide Sheets Possess Strong Antimicrobial Properties. The antimicrobial 220 

properties of GO were demonstrated for a wide variety of microorganisms.
26,29–31,40

 Cell 221 

inactivation has been proposed to be mediated by physical and oxidative interactions leading to a 222 

disruption of the membrane integrity and to cell death.
26,29,32,41,42

 However, the antimicrobial 223 

potential can differ significantly between different GO materials, with some studies indicating 224 

high bacterial inactivation while others report no observable toxicity.
29,32,43

 This discrepancy can 225 

be due to the heterogeneous nature of GO materials generated by different oxidation 226 

procedures.
44

 227 

Considering this variable nature of GO, the antimicrobial potential of the GO material 228 

produced by our chemical oxidation procedure was verified. When P. aeruginosa cells are 229 

exposed to a pure GO layer formed by vacuum filtration on a polycarbonate membrane, a 230 

decrease in cell viability is observed (Figure S2 a, b). After 1 h of exposure, cell viability 231 

decreases from 82% on the control polycarbonate filter to 20% on GO (Figure S2c). Previous 232 

studies on the antimicrobial activity of GO deposited on a surface report bacterial inactivation 233 

ranging from 59 to 89 % for exposure time of 1-3 h with E. coli.
29,45,46

 Therefore, the GO 234 

produced in this study possesses high antimicrobial activity. 235 

Graphene Oxide Functionalization Changes Surface Properties without Altering 236 

Transport Properties. GO sheets were grafted to the polyamide layer through a covalent amide 237 

bond formation using ethylenediamine as a cross-linker, as previously described.
32

 Successful 238 

binding of GO was indicated by SEM imaging. Compared to the pristine membrane (Figure 2a), 239 

GO can be visualized as a sheet-like material covering the active layer of the membrane (Figure 240 

2b). This material was confirmed to be GO by Raman spectroscopy, using the I1147/I1585 ratio.
32

 241 

In TFC membranes, the two dominant Raman peaks originate from the symmetric C−O−C 242 
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stretching and phenyl ring vibration of polysulfone, at 1147 and 1585 cm
-1

 (Figure 2c).
47,48

 GO, 243 

when bound to the membrane, contributes to the Raman signal at 1585 cm
-1

 due to its G band, 244 

while its Raman signal at 1147 cm
-1

 is minimal (Figure 1a). After functionalization with GO, the 245 

I1147/I1585 decreases from 1.47 ± 0.02 for Ctrl membranes to 1.22 ± 0.09 for GO-TFC membranes 246 

(Student t-test, p<0.05), confirming the attachment of GO (Figure 2c). Considering the surface 247 

chemistry and covalent binding reaction used for GO surface modification, the amount of GO 248 

covering the membrane is hypothesized to be mostly a monolayer of GO, with some overlapping 249 

between neighboring GO sheets. 250 

When Ctrl and GO-TFC membranes are characterized using the four-step FO 251 

characterization protocol established by Tiraferri et al.,
34

 no significant impact of GO 252 

functionalization is observed on the transport properties of the membrane (Figure S3). These 253 

results are in agreement with previous findings showing that the addition of multiple GO layers 254 

on TFC membranes did not reduce the water permeability of the membrane.
28

 However, the 255 

presence of GO on the active layer changes the surface properties of the membrane. After 256 

functionalization with GO, the water contact angle of the membrane decreases from 35 ± 4° to 257 

25 ± 3°, indicating that the surface is rendered more hydrophilic (Figure 3a). This change in 258 

hydrophilicity cannot be attributed to a change in surface roughness since AFM analysis of 259 

pristine and GO-TFC membranes reveals no change in the surface roughness after GO 260 

functionalization (Figure S4). Both membranes have an average surface roughness (rms) of ~ 70 261 

nm (Figure 3b). Therefore, the increased surface hydrophilicity can be attributed to the high 262 

density of oxygen functional groups in GO.
24

 263 

Graphene Oxide Imparts Anti-adhesive and Antimicrobial Surface Properties. By 264 

increasing surface hydrophilicity, foulant adhesion can be decreased.
10,20

 This anti-adhesive 265 

effect is due to the formation of a hydration layer opposing the adsorption of biomolecules to the 266 

surface.
49

 Given this role of hydrophilicity in fouling, increasing the hydrophilicity of the 267 

membranes is often used as a strategy to improve their fouling resistance.
10–12,50

  268 

The anti-adhesive properties of GO-TFC were verified by chemical force microscopy 269 

using a carboxylated latex particle attached to a tipless AFM cantilever (Figure S5).
35

 The high 270 

density of carboxyl groups on the particle allows this colloidal probe to be used as a model for 271 

fouling since carboxylic groups play an important role in the calcium-mediated foulant 272 
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complexation to membranes.
51,52

 Chemical force spectroscopy reveals that GO imparts anti-273 

adhesive properties to the surface. Compared to a Ctrl membrane, where the average adhesion 274 

force between the colloidal probe and the membrane is -0.49 mN m
-1 

(Figure 4a), GO-TFC 275 

membranes have an average adhesion force of -0.15 mN m
-1

 (Figure 4b). The adhesion force 276 

distribution on GO-TFC is also characterized with a higher frequency of “NO” events, where the 277 

interaction between the probe and the membrane is repulsive and no adhesion is measured. In 278 

GO-TFC membranes, 55% of the measurements showed no adhesion, compared to 27% for Ctrl 279 

membranes (Figure 4a, b). 280 

Reduced protein adsorption was previously shown for different types of GO-blended 281 

polymeric membranes.
27,53,54

 Similarly, surface-functionalized RO TFC membranes, where GO 282 

was assembled on the surface via a layer-by-layer approach, also showed a reduced adsorption of 283 

proteins.
28

 Lower fouling propensity of GO-functionalized surfaces can be attributed to an 284 

increase in surface hydrophilicity and a smoothing of the membrane surface.
28

 However, for GO-285 

TFC, no change in surface roughness is observed after functionalization with GO, suggesting 286 

that surface hydrophilicity was the main reason for its anti-adhesive properties. Increased 287 

hydrophilicity was also proposed as the mechanism for the lower fouling propensity of 288 

poly(vinylidene fluoride) and polyethersulfone membranes mixed with GO.
53,54

 289 

The anti-adhesive properties of GO-TFC membranes were further confirmed by 290 

evaluating bacterial adhesion to the membrane. After a 1-h contact time of a P. aeruginosa 291 

suspension to Ctrl or GO-TFC membranes, cells attached to the membrane were stained with 292 

SYTO 9 and PI, enabling cell enumeration and viability assessment (Figure 4c). A lower amount 293 

of bacteria is found attached to GO-TFC compared to Ctrl membranes. The number of bacterial 294 

cells decreases from 50 × 10
6
 cells per cm

2
 to 32 × 10

6
 cells per cm

2
 for Ctrl and GO-TFC 295 

membranes, respectively (Figure 4d). At the same time, cell viability of bacteria on the surface is 296 

also affected, decreasing from 92% for cells attached to the Ctrl membrane to 62% for GO-TFC 297 

membrane (Figure 4d). Therefore, GO sheets are still active when bound to the membrane and 298 

impart antimicrobial properties as well as anti-adhesive properties to the membrane.  299 

Graphene Oxide Mitigates Biofouling in Forward Osmosis. The anti-adhesive and 300 

antimicrobial properties imparted by GO suggest promising biofouling resistance in GO-TFC 301 

membranes. However, it should be noted that short-term static assays are not always indicative 302 
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of biofouling resistance in membranes. For ultrafiltration and nanofiltration membranes modified 303 

with polydopamine or polydopamine-g-poly(ethylene glycol), biofouling was not affected 304 

despite both reduced protein adsorption and P. aeruginosa bacterial adhesion in short term static 305 

assays.
17

 A similar outcome was obtained with TFC RO membranes modified with anti-adhesive 306 

polymer brushes.
16

  307 

In order to accurately determine the biofouling mitigation potential of GO-TFC 308 

membranes, dynamic biofouling assays were conducted in a lab-scale cross-flow FO unit. An 309 

artificial secondary wastewater medium was used as a feed solution and P. aeruginosa were 310 

added at an initial concentration of ~6.0 × 10
7
 CFU L

-1
. Over the course of 24 h, a gradual 311 

decline was observed in the permeate flux due to the formation of a biofilm on the membrane. 312 

For Ctrl membranes, the flux decline due to biofouling reaches 40% of the initial flux after 24 h 313 

of operation, while flux decline for the GO-TFC membranes was 20% (Figure 5a). GO 314 

functionalization was thus able to reduce the effect of biofouling on membrane performance. 315 

To understand the role of GO in biofouling mitigation, the membrane was removed from 316 

the cell after the 24 h of filtration, and stained for CLSM analysis. Analysis of the side-view of 317 

the biofilm reveals important structural differences between the biofilms formed on Ctrl and GO-318 

TFC membranes (Figure 5b). The biofilm layer on GO-TFC is thinner than on Ctrl membranes 319 

and a layer of dead cells, shown in red by PI staining, can be observed in the bottom part of the 320 

biofilm in contact with the GO-functionalized surface (Figure 5b). This layer of dead cells 321 

cannot be observed on the Ctrl membrane, indicating that the antimicrobial activity provided by 322 

GO is inactivating bacterial cells in contact with the functionalized surface. 323 

Analysis of the CLSM images was used to quantify the biovolumes of live cells, dead 324 

cells, and EPS in the biofilm. These results show that biofilm formed after 24 hours on GO-TFC 325 

membranes is thinner and composed of fewer live cells, more dead cells, and smaller EPS 326 

biovolumes than biofilms formed on Ctrl membranes (Table 1). Quantitative analysis of the 327 

biomass accumulated on the membrane confirms these findings; GO-TFC membranes have less 328 

total protein and TOC, both related to bacterial biomass per membrane area than Ctrl membranes 329 

(Table 1). Altogether, these results indicate a sparser biofilm development on GO-TFC 330 

membranes, an observation that is in agreement with CLSM images (Figure 5c, d). Reduced 331 
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accumulation and growth of biomass on the membrane is likely contributed to the lower flux 332 

decline observed for GO-TFC membranes under dynamic biofouling conditions. 333 

Implications for Graphene Oxide-Based Biofilm Control. Although numerous studies 334 

reported anti-adhesive or antimicrobial membranes using GO,
27,30,32,53–55

 very few up to now  335 

addressed the more complex issue of biofouling. Biofilm mitigation by GO has been 336 

demonstrated for model surfaces like indium tin oxide,
56

 or in ultrafiltration membranes used for 337 

membrane bioreactors.
57

 However, for ultrafiltration membranes, biofouling mitigation was 338 

entirely attributed to the anti-adhesive properties of GO incorporated in the polysulfone matrix.
57

 339 

In our study, our results show that bacterial inactivation induced by GO sheets also contribute to 340 

the reduced biofilm formation on GO-functionalized TFC membranes. These findings provide 341 

useful insights into the design of GO-based surfaces for biofouling control, where both anti-342 

adhesive and antimicrobial properties must be considered. The simplicity of membrane 343 

functionalization with GO, the absence of detrimental effects on the membrane transport 344 

properties, and the possibility of improving both the antimicrobial activity and the hydrophilicity 345 

of the membrane selective layer, through changes in sheet size,
46

 oxidation level,
29

 and nanoscale 346 

topography,
58

 render GO a viable and attractive material for anti-biofouling membrane 347 

development. Future investigations should focus on fine-tuning the physicochemical 348 

characteristics of GO to improve both these functionalities. Long-term studies are also needed to 349 

assess the stability of the antimicrobial and antifouling properties of GO when exposed to 350 

complex water chemistries. 351 

 352 
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 537 

 538 
 539 
FIGURE 1. Characterization of GO nanosheets. (a) Raman spectroscopy of GO, indicating the 540 

characteristic G and D bands of carbon nanomaterials; (b) FTIR spectrum identifying the 541 

different functional groups of GO; (c) C1s XPS spectrum of GO, identifying the relative 542 

abundance of the different functional groups; (d) representative AFM image of GO sheets. The 543 

white bar indicates the thickness profile represented in (e); (e) representative sheet thickness 544 

profile obtained by AFM, indicating that GO sheets were mostly single-layer GO. (f) GO sheet 545 

area distribution, determined by image analysis of at least 2000 individual sheets obtained by 546 

SEM. 547 

548 
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 549 

 550 

 551 

FIGURE 2. Characterization of TFC membranes. (a, b) Representative SEM micrographs of the 552 

polyamide active layer before (a) and after (b) functionalization with GO. (c) Raman 553 

spectroscopy of Ctrl and GO-functionalized TFC membranes. The ratio between the peaks at 554 

1147 and 1585 cm
-1

 is used as an indicator of the presence of GO on the membrane. 555 

 556 

 557 

558 
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 559 

 560 
 561 

FIGURE 3. Membrane properties of pristine and GO-TFC membranes. (a) Water contact angle 562 

of Ctrl and GO-functionalized membranes. (b) Surface roughness of Ctrl and GO-functionalized 563 

membranes.  RMS is the root mean-square of roughness, Ra is the average roughness, and Rmax is 564 

the maximum roughness. Star indicates statistical significance, determined by a student’s t-test 565 

(p-value < 0.05). 566 

567 
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 568 

 569 
FIGURE 4. (a-b) Distribution of adhesion forces between a carboxylated latex particle probe 570 

and Ctrl (a) and GO-TFC (b) membranes. For each membrane, at least 300 force measurements, 571 

sampled over five randomly selected locations, were obtained. The columns labeled “NO” 572 

indicate measurements where the probe–membrane interactions were too weak to be 573 

differentiated from random fluctuations, and are considered as no adhesion. (c) Representative 574 

epifluorescence microscopy images of P. aeruginosa cells on Ctrl and GO-TFC membranes. 575 

Bacterial cells were stained with SYTO 9 (green), and PI (red) for “live” and “dead” cells, 576 

respectively. (d) Total number of P. aeruginosa cell adhered to the surface of Ctrl and GO-TFC 577 

membranes, and cell viability of adhered P. aeruginosa cells after 1 h of contact. Star indicates 578 

statistical significance, determined by a student’s t-test (p-value < 0.05). 579 

  580 

 581 

 582 

 583 

584 
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 588 

 589 
FIGURE 5. (a) Normalized water fluxes of Ctrl and GO-functionalized membrane as a function 590 

of cumulative permeate flux in biofouling experiments using P. aeruginosa. Feed solution was 591 

composed of synthetic wastewater matrix and 1 M NaCl was used as the draw solution. (b) 592 

Representative confocal microscopy side view of the biofilms formed on Ctrl and GO-TFC 593 

membranes after 24 h of FO operation. (c-d) Representative confocal microscopy top view of the 594 

biofilms formed on Ctrl (c) and GO-TFC (d) membranes after 24 h of FO operation. Biofilm 595 

coverage of the membrane surface is reduced by functionalization with GO. Biofilms were 596 

stained with Con A (blue), SYTO 9 (green), and PI (red) for EPS (polysaccharides), “live”, and 597 

“dead” cells, respectively. 598 

 599 

 600 

 601 

602 



 25 

TABLE 1: Biofilm characteristics of pristine and GO-functionalized membranes 603 

 604 

Parameters 

biofilm 

thickness 
a
 

(µm) 

“live” cell 

biovolume 
a
 

(µm
3
/µm

2
) 

“dead” 

cell 

biovolume 
a
 

(µm
3
/µm

2
) 

EPS 

biovolume 
a
 

(µm
3
/µm

2
) 

TOC 

biomass 
b
 

(pg/um
2
) 

total 

protein 

mass 
b
 

(pg/um
2
) 

Pristine 

membrane 
58 ± 4 15.1 ± 2.3 10.3 ± 2.1 9.8 ± 1.5 

0.47 ± 

0.04 

49.5 ± 

5.1 

GO 

modified 

membrane 

35 ± 6 10.2 ± 3.4 14.5 ± 2.8 7.9 ± 2.4 
0.18 ± 

0.11 

23.9 ± 

3.5 

a 
biofilm thickness and biovolume were averaged, with standard deviation (SD) calculated from 605 

ten random samples in duplication experiments. 
b
 Average TOC and protein biomasses were 606 

presented with SD calculated from four measurements of two membrane coupons.  607 
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