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Purpose: Nanoporous membranes have been employing more than before in applications 

such as biomedical due to nanometer hexagonal pores array. Biofouling is one of the important 

problems in these applications that used nanoporous membranes and are in close contact with 

microorganisms. Surface modification of the membrane is one way to prevent biofilm formation; 

therefore, the membrane made in this work is modified with carbon nanotubes.

Methods: In this work, nanoporous solid-state membrane (NSSM) was made by a two-step 

anodization method, and then modified with carbon nanotubes (NSSM-multi-wall carbon nano-

tubes [MWCNT]) by a simple chemical reaction. Techniques such as atomic force microscopy 

(AFM), energy dispersive X-ray (EDAX), field emission scanning electron microscopy (FESEM), 

Fourier-transform infrared spectroscopy (FTIR), contact angle (CA), surface free energy (SFE), 

protein adsorption, flow cytometry, and MTT assay were used for membrane characterization. 

Results: The BSA protein adsorption capacity reduced from 992.54 to 97.24 (μg mL-1 cm-2) 

after modification. The findings of flow cytometry and MTT assay confirmed that the number 

of dead bacteria was higher on the NSSM-MWCNT surface than that of control. Adsorption 

models of Freundlich and Langmuir and kinetics models were studied to understand the govern-

ing mechanism by which bacteria migrate to the membrane surface.

Conclusion: The cell viability of absorbed bacteria on the NSSM-MWCNT was disrupted in 

direct physical contact with carbon nanotubes. Then, the dead bacteria were desorbed from the 

surface of the hydrophilic membrane. The results of this research showed that NSSM-MWCNT 

containing carbon nanotubes have significant antimicrobial and self-cleaning property that can 

be used in many biomedical devices without facing the eminent problem of biofouling.

Keywords: anodizing, alumina anodic membrane, antibacterial, anti-biofilm

Introduction
Membranes are used in biomedical, biological, chemical, and industrial applications. 

Self-ordered monodisperse nanoporous solid-state membranes (NSSM) with a hex-

agonal structure have been used more frequently than before in medical applications.1 

These membranes with unique designs, nanometer pores, uniformity, high porosity, 

proper thickness, and high aspect ratio are used in many biomedical processes.2,3 

Alumina membranes with uniform pore size have been utilized for a large variety of 

biological uses for instance, DNA filtering and detection,4,5 cell culture,6 biosensor,7 

and microfluidic chips. NSSM-based microfluidic chip systems allow the detection 

of a large variety of bacteria simultaneously.8 Recently, NSSM have been integrated 

with ordinary biosensors for lab-on-a-chip applications.9 For biological and medical 

applications of such membranes, biocompatibility, and physical and chemical stability 
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are considered critical properties. Membrane biofouling 

(biofilm) is a serious problem in biomedical applications, 

since microorganisms including protein compounds and 

bacteria are nonspecifically adsorbed into the surface and can 

multiply, even if most of them have been removed. Biofoul-

ing can create a major problem in biomedical applications 

such as increasing infections caused by medical devices and 

decreasing antimicrobial effectiveness.10 One way to reduce 

and prevent biofilm formation is surface modification of the 

sample which can prevent the growth of microorganisms.11 

Researchers have used various biocompatible materials to 

improve the surface of NSSM such as polymers and pro-

teins.6,12–15 The surface modification method preserves the 

nanoporous structure of NSSM and improves chemical, 

physical, and biological properties. However, none of them 

have shown satisfying anti-biofouling efficacy.

Carbon-based materials with various physical and 

chemical properties have exhibited great potential for many 

biomedical applications.16 The addition of a small amount of 

carbon nanotube into mixed matrix membranes lead to the 

formation of nanocomposites with improved mechanical, 

physical, and antimicrobial properties.17–19 Also, many 

researchers have proven that carbon has antimicrobial proper-

ties which eliminate bacterial and viral infections.20–22 Carbon 

nanotube membranes can remove almost all types of contami-

nations of water, food, and dairy including bacteria, viruses, 

microbes, fungi, organic compounds, and heavy metals.23,24

However, using carbon nanotubes for surface modifica-

tion of solid-state membranes for industrial and biomedi-

cal applications has not been fully explored yet. Here, we 

designed our surface treatment strategy based on the fact that 

the nano-scale edges of the multi-walled carbon nanotube 

(MWCNT) can enter the outer surface of microorganisms 

which results in superoxide anion damage.25 In this project, 

NSSM were made by a two-step anodization method and 

then modified with hydrophilic carbon nanotubes. Different 

analytical techniques were used to characterize unmodified 

and modified membranes. It is well proven that Staphylo-

coccus aureus and Escherichia coli can form biofilm on the 

sample surface.10 The impact of membrane modification on 

the reduction of biofilm was investigated with the immersion 

of membranes into the suspension of the two bacteria, and 

then it was analyzed by scanning electron microscopy (SEM). 

Multi-walled carbon nanotubes with antimicrobial properties 

can penetrate the outer membrane of bacteria, destroying cell 

viability. Dead bacteria were removed from the surface with 

the increment of water layers and repulsive forces. Therefore 

NSSM-MWCNT surface does not form biofilm.26

Materials and methods
Materials
All of the solutions were prepared in double-distilled 

water. Oxalic acid, phosphoric acid (85%), perchloric 

acid (70%), hydrochloric acid (37%), nitric acid (63%), 

sulfuric acid, hydrogen peroxide (30%), ethanol (95.5%), 

methanol (95%), acetone, chromic oxide, sodium  

hydroxyl, copper chloride (II), brilliant blue G, glycerol, and 

dimethyl sulfoxide were provided by EMD Millipore (Bil-

lerica, MA, USA). Crystal violet and aluminum foil (99.99%) 

were bought respectively from Cib Biotech Co (Tehran, Iran) 

and Kingcheng (Shanghai, China). NaH
2
PO

4
, Na

2
HPO

4
, 

BSA, and MTT reagents were provided by Sigma-Aldrich 

Co. (St Louis, MO, USA). MWCNT (outer diameter: 8–15 

nm) was bought from CheapTubes.com (Cambridgeport, 

VT, USA). Two strains of bacteria containing E. coli ATCC: 

25922 and S. aureus ATCC: 25923 as biofilm former were 

provided by Pasteur Institute of Iran (Tehran, Iran).

Preparation of membranes
Al foil (99.99%) was cut into small pieces of 1×1 cm and 

annealed by a tubular furnace (HYSC model, automati-

cally) at 600°C for 5 hours. Then, the aluminum discs were 

degraded by sonication in acetone/water for 3 minutes. The 

cleaned aluminum discs were electropolished in a mix-

ture of HClO
4
 and C

2
H

5
OH at a ratio of 1:4 (vol) at 20 V 

(MEGATEK, 0–250 V, 0–30 mA) for 3 minutes. Afterward, 

the first-step anodization was done using aqueous solutions 

of H
2
C

2
O

4
 (0.3 M) and H

3
PO

4
 (0.2 M) at 100 V, 24°C for 

1 hour. The first anodic layer was removed by H
3
PO

4
 (6%) 

and H
2
CrO

4
 (1.8%) at 65°C for 1 hour in a water bath (HYSC 

model, automatically). The next step of anodization was 

performed using the electrolyte and voltage conditions of the 

first step for 5 hours. The remaining aluminum was etched 

with an H
2
O-HCl–CuCl

2
 mixed solution. In the next step, 

the barrier layer was dissolved by using H
3
PO

4
 5%. For the 

hydroxylation of NSSM, the membranes were immersed in 

H
2
O

2
 solution (30%), then they were placed in an ultrasonic 

bath at 70°C for 1 hour and cleaned by deionized H
2
O. After-

ward, the membranes were desiccated in an oven for 3 hours 

at 100°C. At this step, the membrane was hydroxylated. For 

surface modification of NSSM with carboxylated MWCNT, 

1 mg carboxylated MWCNT was thoroughly dispersed in 

20 mL deionized water under sonication for 1 hour. Then, 

drops of MWCNT dispersion were poured on the hydrox-

ylated membrane surface and dried at room temperature 

(Figure S1 shows schematically, the membrane preparation 

and modification procedure).
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Membranes’ characterization
To determine functional groups of the membranes, Fourier-

transform infrared spectroscopy (FTIR) (FTIR-8300 spec-

trophotometer, Shimadzu Co. Tokyo, Japan) analysis was 

done with a KBr disk. The samples were fixed on the holder, 

and the transmittance spectrum from 400–4,000 cm-1 was 

scanned. The morphology of membranes was characterized by 

FESEM (Stereo Scan S360 Cambridge instrument, Cambridge, 

England), FESEM (ZEISS SIGMA VP, Berlin, Germany), 

and FESEM (TESCAN MIRA3, Prague, Czechoslovakia). 

The existence of MWCNT in the membrane was analyzed by 

energy dispersive X-ray (EDAX) point and mapping (Hitachi 

S3400, Hitachi Ltd., Tokyo, Japan). The roughness was deter-

mined by AFM (Dualscop C-26 DME, Berlin, Germany). The 

samples were scanned by tapping mode at 500×500 nm. The 

effect of treatment on the samples’ wettability was checked 

out by water contact angle (CA) (θ°) measurements system 

model OCA 15 plus. The surface of the samples was charac-

terized using sessile drop methods. Ten microliters of water 

were poured on the chosen area of samples, and the average 

CA of six different positions was reported for each sample. 

The surface free energy (SFE) of the specimen was acquired 

by the Van-Oss approach. The images at 5-minute intervals 

were obtained, and the average of six measurements for each 

sample was reported. H
2
O

2
, C

3
H

8
O

3
, and CH

3
NO with speci-

fied parameters (Table S1) were used to compute the SFE of 

the samples.27,28 An in-house dead-end device was utilized to 

evaluate the water flux. The pure H
2
O fluxes were obtained 

as J (mL/cm2 min). To measure BSA rejection, the solution of 

BSA with a specific initial concentration was passed through 

the embedded membranes in the dead-end device, then the 

concentration of permeate solution was determined. The BSA 

concentration was obtained by UV-visible spectrophotometry. 

The rejection ratio (R) was estimated as indicated in the fol-

lowing formula:29

	

R (%) 1
C

C
p

f

= − ×






















100

�

(1)

In the equation C
p,f

 are protein concentrations; index of 

p stands for permeate while f stands for feed solutions.

Protein adhesion test
The impact of membrane treatment with MWCNT on 

the proteins’ adsorption of the samples was examined by 

Bradford assay. Modified and unmodified membranes (4 mm 

in diameter) were maintained in a 1 mg/mL BSA solution 

(pH of 7.4) for 4 hours. Then the absorbance was acquired 

at 555 nm using UV-visible spectrophotometry (V-570 Jasco 

Co., Hachioji, Tokyo, Japan) after removing the specimens. 

The quantity of the adsorbed BSA on the samples was evalu-

ated according to Razmjou et al.30,31

Bacterial attachment test (biofilm assay)
E. coli and S. aureus were selected to investigate the for-

mation of biofilm. E. coli has become a prominent model 

organism for biofilm research. E. coli strains have become 

notorious pathogens causing a broad spectrum of diseases 

and pose a significant risk to human health worldwide. 

Also, the capacity of S. aureus to form biofilm is an impor-

tant virulence factor in the development of device-related 

infections.32–34 The bacterial strains were cultured overnight 

in a Muller Hinton broth medium (MHBM) at 37°C at 150 

rpm. The overnight bacterial suspensions were diluted with 

fresh and sterilized MHBM to adjust the half-McFarland 

standards by measuring the absorbance at 625 nm.35 The 

specimens were sterilized with ethanol 75% and were dried 

near the flame. Then, unmodified and modified membranes 

were immersed inside the test tubes comprising a suspension 

of bacteria and were incubated for 10 days. After 10 days, 

2 mL of methanol (99% v/v) was added to each sample. Two 

milliliters of crystal violet (0.3%) was added to samples to 

stain bacteria. After 5 minutes’ incubation at 25°C, samples 

were rinsed many times with deionized H
2
O and finally, the 

samples were analyzed by SEM.

Flow cytometry
Flow cytometry was applied to study the impact of the 

modification on the integrity of the cell membrane. Cell 

particles and cell adhesion were analyzed via flow cytometry 

method. The bacterial suspension of E. coli and S. aureus 

(1.5×108 CFU/mL) were made according to the previous step. 

The specimens were sterilized; then they were incubated in 

a plate including bacterial suspensions, at 37°C overnight. 

Then, the samples and fresh MHBM were sonicated for 

30 seconds to create a optimum bacterial concentration. 

To identify dead and alive cells; 5 µL of propidium iodide 

(1 mg/mL) was added to a combination of the sample (50 µL) 

and the deionized water (5 mL). After 10 minutes’ incubation 

in the dark, the levels of bacterial adhesion were investigated 

with flow cytometry technique (BD Biosciences, San Jose, 

CA, USA), and were interpreted by Flowjo software. The 

test was calibrated with live and dead cells of the bacteria 

to provide information about the location and aggregation 

of the dead, live, and injured cells.36,37

www.dovepress.com
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MTT assay
MTT assay is a colorimetric technique to evaluate cell 

viability. Microbial suspensions were prepared with the 

concentrations of 105, 106, 107, and 108 CFU/mL. The mem-

brane samples were placed in the dead-end cell and bacterial 

suspension was passed through sterilized membranes using a 

pump at 0.05 mL per minute. Then, 10 µL of the microbial 

suspension which was passed through the membrane was 

poured in the 96-well plate, 5 µL of the MTT reagent was 

added and it was incubated at 37°C for 1 hour. After the for-

mation of purple sediment of formazan, dimethyl sulfoxide 

was added to cell’s culture media and incubated for 1 hour. 

Finally, the absorption at 570 nm was determined by a plate 

reader (Synergy HTX, BioTE, OTT, Canada).

The effect of absorption process on the 
reduction of biofilm
Initially, the MHBM was used and autoclaved at 121°C 

for 15 minutes. The same amount of 4–5 colonies from the 

24-hour E. coli fresh microbial culture was placed in a tube 

containing 5 mL MHBM to obtain a microbial suspension, 

then they were cultured in MHBM at 37°C for 24 hours. The 

bacterial suspensions were diluted with fresh and sterilized 

MHBM to adjust the half-McFarland standard by consider-

ing the absorbance at 625 nm. The membranes were placed 

in the dead-end device. Then, the prepared bacterial suspen-

sion was passed through the membranes by a syringe pump 

SP1000 (Fanavaran Nano-Meghyas Co., Tehran, Iran). The 

permeation was cultured in Muller Hinton agar medium 

for 24 hours at 37°C (Figure S2). The kinetic models at the 

different contact times and at the concentration of 1.5×108 

CFU/mL of E. coli were investigated. The isotherm studies 

were examined at various initial concentrations of E. coli and 

equilibrium time. Then the Freundlich (Logq
e
 vs Logc

e
) and 

Langmuir (c
e
/q

e
 vs c

e
) isothermal models were used. The 

retained amounts of E. coli in the suspension were measured 

with the plate count method (Figure S3). In the method, 

90 µL of MHBM was poured into the first row of the dilution 

plate. Then, 10 µL of bacterial suspension which was passed 

through the membranes was added to the first well of the 

dilution plate (dilution of 1:10). Then, 10 µL of the first well 

was poured into the second well, and it was continued to the 

fifth well (dilutions of 1:100, 1:1,000, 1:10,000, 1:100,000). 

Diluted samples were cultured onto Muller Hinton agar to 

assess the number of colonies by a colony counter (TAT-Ko, 

Teifazmateb,Tehran). To count the number of bacteria on 

the plate, the following formula was used:38

	 N × b = m� (2)

In the equation N is a count of colonies, b is a recipro-

cal dilution of sample and m is the number of bacteria/mL. 

The amount of E. coli absorbed by membranes, q
e
 (CFU/g), 

was obtained as follows:

	
q C C L G

e 0 e
= − ×( )

�
(3)

In the formula C
0
 and C

e
 are the initial and residual con-

centration of bacteria (CFU/mL), G is the mass of membrane, 

and L is the suspension volume. The impact of temperature in 

adsorption of E. coli was investigated by using initial E. coli 

concentrations of 1.5×108 CFU/mL for 5, 10, 15, 20 and 

30°C, The thermodynamic parameters for the adsorption of 

E. coli by NSSM-MWCNT such as enthalpy (ΔH), the Gibbs 

free energy (ΔG), and entropy (ΔS) changes were determined 

to evaluate the thermodynamic feasibility and spontaneous 

nature of the process by using the following equations:

	
LnKc

S

R

H

RT
=
∆

−
�

(4)

	 G = H - TS� (5)

where ΔS is entropy change (kJ/mol.k), ΔH is enthalpy changes 

(kJ/mol), R is the universal gas constant (8.314 J/mol Kol), 

Kc is the thermodynamic equilibrium constant, and T is the 

absolute temperature (K).39,40

Results and discussion
Membrane characterization
The prepared NSSM is clear and can be studied in the 

infrared region.41 The FTIR of NSSM (Figure 1a), showing  

Figure 1 FTIR spectrum of membranes: a: NSSM, b: NSSM-OH, c: NSSM-MWCNT.
Abbreviations: FTIR, Fourier-transform infrared spectroscopy; MWCNT, multi-
walled carbon nanotube; NSSM, nanoporous solid-state membrane.
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adsorption peaks around 1,623 and 3,450 cm-1, is indicative of 

the H
2
O molecule. The first peak is attributed to the bending 

vibration of the H
2
O and the second is the stretching vibra-

tion of the O-H bond that comes from coordinated water on 

the NSSM surface.42 The characteristic peaks at 514 cm-1 

and 720 cm-1 are due to the stretching vibrations of Al-O-Al 

in Al
2
O

3
.43 The FTIR of the NSSM-OH (Figure 1b) show-

ing adsorption peaks around 1,384, 3,450, and 1,623 cm-1 

corresponds to the vibrations of the hydroxyl group.44 The 

hydroxyl group on the NSSM surface is expected to increase 

after the H
2
O

2
 pretreatment process. The FTIR spectra of the 

NSSM-MWCNT (Figure 1c) membranes exhibited peaks 

on 2,846 and 2,922 cm-1 of C-H stretch mode, 1,630 cm-1 

Figure 2 EDAX point data and EDAX image of membrane (A, B) NSSM, (C, D) NSSM-MWCNT which were anodized in aqueous solutions of acid, 100 V and 25°C.
Abbreviations: EDAX, energy dispersive X-ray; MWCNT, multi-walled carbon nanotube; NSSM, nanoporous solid-state membrane.

of C=C, 1,620 cm-1 of COO- and 2,355 cm-1 of CO
2
.45,46 

Comparatively, the spectra of NSSM and NSSM-H
2
O

2
 mem-

branes did not show the C-H vibration stretch mode. The 

NSSM-MWCNT membranes showed carboxylate vibration, 

which indicates the proton dissociation of carboxylic acid to 

form carboxylates. The carboxylate groups of carbon nano-

tubes are attached to NSSM surface through hydrogen bond-

ing with hydroxyl ions from the alumina.47,48 Figure 2A and B 

present the EDX data and the image of NSSM. The presence 

of the characteristics of X-ray peaks O (K=0.50 keV) and Al 

(K=1.50 keV) provides insight into the elemental combination 

of the nanoporous AL
2
O

3
 membrane and its high purity. 

Also, the EDX results (Figure 2C) display the existence of  

www.dovepress.com
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C (0.27 keV), O (0.50 keV) and Al (1.50 keV). The EDX 

image (Figure 2D) confirms the existence of carbon nanotubes 

on the surface and inside pores, but it shows that MWCNTs 

appear near the surface rather than inside the pores. This was 

expected because of appearance of more OH on the surface. 

Figure 3A shows a surface image of the membrane with highly 

ordered nano-scale pores (200–300 nm) with hexagonal 

arrangement. The SEM studies showed that the pores were 

homogenously distributed over the membranes. Cross-section 

SEM image (Figure 3B) shows that the structure of NSSM 

included vertically cellular and cylindrical pores. Also, it 

was revealed that the nano-channels were parallel. Figure 3C 

exhibits that the carbon nanotube, through the carboxyl groups 

at its end, reacts with hydroxyl groups of the membrane, and 

forms hydrogen bonding. To confirm the existence of carbon 

inside the nanopores, an NSSM-MWCNT membrane was 

broken in half, and its cross-section was analyzed by SEM 

(Figure 3D). Different areas, close to the surface, and far 

from the surface were analyzed and it was confirmed that the 

surface and inside of the membrane were covered with carbon 

nanotubes. The roughness of the surface has an important 

effect on the anti-fouling property as the microorganisms 

want to block the valley of samples.42–44 Figure 4A and B 

show the image of two-dimensional and three-dimensional 

AFM of ordered NSSM with hexagonal cells with central 

circular nanopores. In AFM technique, no conductivity is 

required.45 Figure 4C and D show the AFM two-dimensional 

and three-dimensional images of NSSM-MWCNT. The AFM 

analysis on the area with 500×500 nm size displayed that the 

roughness (Ra) of the sample was increased from 11.2 nm 

for NSSM, which was reported earlier,42 to 52.0 nm for 

NSSM-MWCNT. AFM measurement confirmed the results 

of SEM and determined the average amount of roughness. 

Figure 4E and F show the AFM three-dimensional images of 

NSSM and NSSM-MWCNT on the regions of 100×100 nm. 

The mean nanoroughness (Ra) of the membrane increased 

for NSSM-MWCNT from 9.0–65 nm. According to the 

Wenzel model, with increasing roughness, the hydrophilic 

nature of a surface can shift toward superhydrophilicity.46 

Water layers increase with the increasing hydrophilicity, 

and these layers wash bacteria damaged by MWCNT from 

the surface, thus avoiding the formation of biofilm.47

Figure 3 SEM image of surface and cross-section (A, B) of NSSM and (C, D) NSSM-MWCNT membranes which were anodized in aqueous solutions of acid, 100 V and 25°C.
Abbreviations: MWCNT, multi-walled carbon nanotube; NSSM, nanoporous solid-state membrane; SEM, scanning electron microscopy.
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Figure 4 AFM: two-dimensional (A and B) three-dimensional images of NSSM, (C) two-dimensional and (D) three-dimensional images of NSSM-MWCNT (500×500 nm),  
(E) three-dimensional images of NSSM and (F) NSSM-MWCNT (100×100 nm).
Abbreviations: AFM, atomic force microscopy; MWCNT, multi-walled carbon nanotube; NSSM, nanoporous solid-state membrane.

CA and SFE
The two computations of CA and SFE are applied to 

study membrane surface wettability and anti-biofouling 

properties.43 Hydrophilic membranes are preferred because 

of lower protein molecule absorption.48 The wettability 

parameter that is reported by CA (θ) is determined by the 

interaction of adhesive and cohesive forces at interfaces of 

solid, liquid, and vapor phases. The relationship between 
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the spreading of the drop on the surface and the SFE is the 

opposite.49 A water droplet follows the profile of the speci-

men, as shown by Wenzel.46

	
Cos r Cos

w e
θ = θ

� (6)

where θ
w,e

 are the obvious angles and on the plane area respec-

tively. The r is the relation of the solid real area to geometric 

design.45 In Equation 6, the increment of nanoroughness can 

alter a hydrophilic surface to a superhydrophilic one.25 In 

this project, the modification of NSSM shifts the water CA 

from 30°–9°. MWCNT can create hydrophilic groups on the 

surface and increase nanoroughness, therefore it can improve 

the hydrophilicity of the modified sample. Our calculation 

showed that the modification increased the SFE from 181.76 

for NSSM to 260.64 (mN/m) for MWCNT-NSSM, which 

could be related to higher density of hydroxyl groups on the 

NSSM-MWCNT surface (Figure 5). Membranes with less 

water contact angle and higher SFE have fewer interactions 

with the microorganism. Since hydrophilic surfaces have 

repulsive forces on the foulant absorption, they will have a 

better anti-biofouling performance.48

Membrane performance (water flux)
Water flux from 0.12 for NSSM increased to 0.53 mL/cm2 min  

for NSSM-MWCNT. It is proven that the higher 

hydrophilicity, the greater pure water flux.31 The high SFE 

and roughness of the sample could have simultaneously 

contributed to this finding. Also, the rejections of BSA for 

the modified and unmodified membranes were 99% and 

89% respectively.

Based on the results of various analyses including FTIR, 

EDAX, SEM, and AFM, the surface of NSSM-MWCNT is 

rougher, more porous, has higher specific surface area and 

functional groups as well as smaller pore size than NSSM, 

so NSSM-MWCNT must be able to absorb more bacteria. 

Due to the antibacterial properties of carbon nanotubes, we 

expected that the modified membrane with higher bacte-

rial absorption capacity could damage the outer layers of 

cell membranes. Finally, the water layers on the modified 

membrane surface would eliminate the disrupted bacteria off 

the surface. For further investigation, we carried out more 

biological tests.

Protein adsorption resistance
In this work, investigating the impact of the modification on 

the sample’s anti-fouling property was performed by BSA 

adsorption test. NSSM-MWCNT membrane showed lower 

protein adsorption compared to NSSM, which indicates a 

salient increase in the biofouling resistance. Protein adsorp-

tion for unmodified and modified membranes was 992.54 and 

97.24 µg mL-1 cm-2, respectively. This significant reduction 

in protein adsorption is due to the addition of hydrophilic 

MWCNT and increase in nanoroughness. Water barrier 

mechanism leads to lower protein adsorption for NSSM-

MWCNT.50–52 Lower protein adsorption can lead to biofilm 

reduction, which will be investigated in the next section.

Bacterial attachment (biofilm assay)
Two strains of bacteria containing E. coli and S. aureus 

were selected to investigate biofilm formation. Modification 

of alumina membrane by MWCNT reduced the biofilm. In 

Figure 6A (5.00 kx) and B (200.00 kx) of the surface, SEM 

images show that biofilm was formed on the unmodified 

membrane. Rod-shaped53 and spherical-shaped (grape-like 

clusters)54 bacteria on the NSSM are attributed to E. coli 

and S. aureus respectively. Intermediate wettability gen-

erates a situation for proteins to accumulate and nucleate 

inside the pores.49 The dwell time of BSA (dimensions: 

14×3.8×3.8 nm)55 proteins entering the membrane pores 

is longer than their leaving time and thus the distance of 

protein-protein is reduced and provides an opportunity for 

other proteins to enter, which leads to the growth of protein 

adsorption on the samples.56 In Figure 6C (30.00 kx) and D 

(50.00 kx), SEM images of the surface show that biofilm did 

not appear on the surface of the MWCNT-NSSM because 

MWCNT with inherent antimicrobial properties increased the 

roughness and hydrophilicity of the membrane. Therefore, 

modified membranes can be used in biomedical applications 

θ°

Figure 5 WCA and SFE of NSSM and NSSM-MWCNT membranes.
Abbreviations: MWCNT, multi-walled carbon nanotube; NSSM, nanoporous 
solid-state membrane; SFE, surface free energy; WCA, water contact angle.
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Figure 6 Surface SEM image of NSSM (A) 5.00 kx, (B) 200 kx, and NSSM-MWCNT (C) 30.00 kx and (D) 50.00 kx after biofilm assay.
Abbreviations: E. coli, Escherichia coli; MWCNT, multi-walled carbon nanotube; NSSM, nanoporous solid-state membrane; SEM, scanning electron microscopy; S. aureus, 
Staphylococcus aureus. 

such as cell culture, or industrial applications such as reduc-

ing the microbial load of dairy products and wastewater 

treatment.57–59 We performed MTT assay and flow cytom-

etry tests to confirm the SEM results and also to evaluate 

the formation of biofilm on the surface of the membrane. 

Figure 7 indicates the finding of flow cytometry assay for (A) 

NSSM-E. coli, (B) NSSM-S. aureus, (C) NSSM-MWCNT-

E. coli, and (D) NSSM-MWCNT-S. aureus. The results 

indicated that the maximum dead bacteria were dedicated 

to NSSM-MWCNT membrane. Remarkably, .98% of 

the bacteria were killed by NSSM-MWCNT membranes. 

The MTT reagent is a dye for the study of viability and 

cytotoxicity based on the oxidation-reduction reaction; this 

method is based on the activities of cytoplasmic enzymes of 

living bacteria. The findings of the MTT test are presented 

in Figure 8 for the NSSM and NSSM-MWCNT specimens. 

The percentage of bacteria viability for the control sample 

in each of the four concentrations is higher than 91% and for 

the modified membrane is less than 4%.

The nanoroughness and hydrophilicity enhancement 

can limit the reaction between the membrane and the 

microorganism which results in the reduction of adhesion 

trend. The bacteria are absorbed on the carbon nanotubes 

due to a cylindrical shape, high aspect ratio, and functional 

groups such as OH and COOH. Upon bacterial attachment, 

their cell membrane is damaged in direct contact with carbon 
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Figure 7 Results flow cytometry analysis (A) NSSM-E. coli, (B) NSSM-S. aureus, (C) NSSM-MWCNT-E. coli and (D) NSSM-MWCNT- S. aureus.
Abbreviations: PI, propidium iodide; SSC-H, side scatter height.

nanotubes, resulting in disruption of bacterial activity. By 

increasing the hydrophilicity and the formation layers of 

water on the sample surface, dead bacteria are desorbed 

from the surface and do not form a biofilm on the modified 

membrane. Therefore, these modified membranes become 

self-cleaning. Membranes based on carbon nanotubes 

are cleaned regularly, and they can be reused again. So, 

these modified membranes can be utilized in biomedical 

and industrial applications with the synergistic effect of 

absorption and desorption of bacteria off the membrane 

surface.26,47,60–62

Inactivation of E. coli bacteria on the 
modified membranes and reduction 
of biofilm
The ability of our membrane to absorb and inactivate bacteria 

was examined. The diameter of E. coli was 0.20–1.00 µm, 

and the mean pore size of the NSSM was 0.20–0.25 µm. 

A large number of bacteria were passed through the con-

trol membrane and formed a colony. The colonies which 

passed through NSSM in the three experiments were too 

large and uncountable. Also, some bacteria were absorbed 

on the unmodified membrane surface and formed biofilm 

(Figure 6A). In the modified membrane, the size of pores was 

not larger than the diameter of E. coli, so the bacteria could 

not enter the membrane. Therefore the absorption of bacteria 

on the modified membrane needed to be studied. FTIR was 

used to confirm the absorption of bacteria on the modified 

membrane. Figure 9 shows FTIR of NSSM-MWCNT mem-

brane which was in contact with E. coli. The characteristic 

peaks at 3,100–3,400 cm-1 (NH
2
, OH stretching), 2,854, and 

2,925 (CH stretching), 1,650–1,660 (amid I), 1,520 (amid II), 

and 1,030–1,150 cm-1 (C=O, P=O, P-O) confirm that E. coli 

was absorbed on the modified membrane. From Figure 10, 
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to become damaged, and the internal cell contents to be 

released, thus avoiding biofilm formation.64

The two parameters of time and concentration for deter-

mining the mechanism of bacterial absorption and inactiva-

tion are important. Carbon nanotubes’ substrates have a 

porous structure, and there are functional groups and active 

atoms in their surface. It is expected that bacteria will attach 

to the modified membranes with a mechanism correspond-

ing to the second order of concentration. To confirm this 

assumption, the kinetic models were investigated. Absorption 

of E. coli follows the pseudo-second-order kinetic model. 

Kinetic models are represented by the following equations:40

	
Log (q q Log q

k
t Pseudo-first-order

e t e
1− ) = − ×

2 303. 	
� (7)

In the equation q
e
 and q

t
 are the absorbed E. coli (CFU/g) 

at time of balance and t (minute), respectively while k
1
 is the 

constant rate (minute-1).

	

t

q k q
 
q

 (t)    Pseudo-second-order
t 2 e

2
e

=
1 1

×
�
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In Equation 8 k
2
 (CFU-1 g minute-1) is the rate constant of 

absorption. There is a linear relationship between t/q
t
 and t. 

The two parameters of k
2
 and q

e
 can be obtained from plotting 

t/q
t
 vs t (Figure 11). The correlation of pseudo-first-order 

(Figure 11A) model is low, and there is a great difference in 

the absorption capacity of the experimental results and the 

absorption capacity of calculated results. So, the pseudo-first 

kinetics model is not suitable to predict the bacteria absorp-

tion process. Thus, the phenomenon of absorption of bacteria 

with the NSSM-MWCNT is not affected by the phenomenon 

of diffusion.65 In pseudo-second-order model (Figure 11B), 

the values of calculated q
e
 are almost close to the values of 

experimental q
e
. The correlation coefficient is large, which 

shows the absorption of E. coli on NSSM-MWCNT is a 

second-order reaction and the absorption rate relies on the 

concentration of the bacteria and the sample surface.40

The presence of various functional groups such as OH 

and COOH on the modified membrane allows the hydrogen 

bond and other bonds to absorb bacteria. Thus, the Freundlich 

absorption mechanism is expected to dominate. Isotherm 

studies were done to investigate the influence of concentra-

tion on the process of absorption (Figure 12). The results were 

compatible with Freundlich model. The Langmuir model 
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107 106 105

80

60

40

20

0
1 2 3 4

NSSM-MWCNT NSSM

Figure 8 Percentage of bacterial viability in membrane specimens.
Abbreviations: MWCNT, multi-walled carbon nanotube; NSSM, nanoporous 
solid-state membrane.
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Figure 9 FTIR spectrum of NSSM-MWCNT membrane, which is absorbed by 
bacteria (1.5×108 CFU/mL).
Abbreviations: FTIR, Fourier-transform infrared spectroscopy; MWCNT, multi-
walled carbon nanotube; NSSM, nanoporous solid-state membrane.

a comparison between the modified membrane with carbon 

nanotube before (A) and after coming into contact with 

bacteria (B) revealed that a series of pieces and debris are 

seen on a modified membrane after being in contact with the 

bacteria. It seems that it is a bacterium that is damaged by 

carbon nanotube in comparison to normal E. coli (C).

The bacteria was absorbed on the modified membrane and 

came into contact with the carbon nanotubes. As can be seen 

the bacteria on the modified membrane lost their viability, 

due to the stylus structure of MWCNT that can penetrate the 

wall of bacteria. It is also reported that MWCNTs can reduce 

the metabolic activity of E. coli.63 MWCNT induces seri-

ous oxidative stress in bacteria, causing the cell membrane 
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Figure 10 SEM images of membrane modified with carbon nanotube before (A) and after coming into contact with bacteria (B) and normal E. coli (C).
Abbreviations: E. coli, Escherichia coli; SEM, scanning electron microscopy. 
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characterized the monolayer absorption on the homogeneous 

surface which indicates identical sites with the insignificant 

reaction between adsorbed molecules. Freundlich model 

is expressed assuming a heterogeneous absorption surface 

with multilayer absorption. The Langmuir (Equation 7) and 

Freundlich (Equation 8) equations are represented as follows:

	

c

q BQ
 

c

Q
e

e m

e

m

=
1

�
(9)

In Equation 9, B is the Langmuir constant (mL/CFU), and 

Q
m
 is the theoretical maximum absorption (CFU/g).
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In Equation 10, q
e
 is the equilibrium adsorption capacity 

(CFU/g) and c
e
 is the balance concentration (CFU/mL).40 

Since n is between 0 and 1, the absorption is multilayered.65 

Based on the Freundlich model, there are several layers of 

absorption and accumulation of bacteria on the surface of the 

NSSM-MWCNT. Bacteria are absorbed chemically onto the 

modified membrane and are inactivated due to the antibacterial 

properties of carbon nanotubes; therefore they did not form 

a biofilm. The constants of Freundlich and Langmuir models 

are presented in Table 1. In chemical absorption, the rate relies 

on the characterization of adsorbents and absorbed. The size 

of bacteria is larger than the pores of the MWCNT-NSSM. 

Therefore the mechanism of diffusion does not interfere with 

the absorption process.

The results of temperature impact on adsorption of 

E. coli (Table 2) suggested that E. coli adsorption was more 

favorable at higher temperatures.66 At higher temperatures, 

E. coli tends to form a biofilm layer; thus, the absorption of 

bacteria on the surface increases.67 Positive values of entropy 

(ΔS), and enthalpy changes (ΔH) showed an increase in ran-

domness and endothermic nature of the process respectively, 

whereas the negative values of free energy confirmed the 

spontaneous nature and feasibility of the adsorption process.

Conclusion
In this paper, nanoporous membranes were prepared via 

anodization technique and then modified by carbon nano-

tubes. The combination of MWCNT with alumina membrane 

improved the membranes’ anti-biofouling properties. The 

hydrophilic nature of MWCNT enhanced the hydrophilicity 

of NSSM. Also, the findings of BSA adsorption and the 

bacterial attachment test showed that the MWCNT-NSSM 

with nano-roughness had superior biofouling resistance. 

Also, the result showed that bacteria were absorbed onto 

the modified membrane with second-order kinetics without 

diffusion, following Freundlich adsorption isotherm model.

The following supplementary data are also available in 

the Supplementary materials:

•	 a schematic diagram of the membranes’ fabrication;

•	 the parameters of Van Oss method;

•	 a schematic diagram of plate count method.
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Supplementary materials

Figure S1 The general schematic diagram of the fabrication and modification process of membranes.
Abbreviations: MWCNT, multi-walled carbon nanotube; NSSM, nanoporous solid-state membrane.

Table S1 Parameters of acid-base Van Oss method

Liquid SFT (mN/m) σdisperse (mN/m) Acid (mN/m) Base (mN/m)

Milli-Q water 72.8 21.8 25.5 25.5

Glycerol 64.0 34.0 3.9 57.4

Formamide 58.0 39.0 23.2 23.2

Abbreviation: SFT, surface free energy.
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Figure S2 Absorption of E. coli on the membranes in dead-end cell.
Abbreviations: E. coli, Escherichia coli; MWCNT, multi-walled carbon nanotube; NSSM, nanoporous solid-state membrane.

Figure S3 Plate count method in absorption studies.
Note: Counting the colonies of concentration (A) 1.5 × 108 and (B) 107.
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