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Abstract

The nanohybrids composed of silver nanoparticles and aromatic polyamide functionalized

multiwalled carbon nanotubes (MWCNTs) is successfully synthesized and tested for their

antibacterial activity against different pathogens. Prior to deposition of silver nanoparticles, acid

treated MWCNTs (MWCNTs-COOH) were successively reacted with p-phenylenediamine and

methylmethacrylate to form series of NH2-terminated aromatic polyamide dendrimers on the

surface of MWCNTs through Michael addition and amidation. Existence of high abundance of

amine groups on the surface of functionalized MWCNTs (f-MWCNTs) provided sites for

formation of silver nanoparticles by the reduction of aqueous solution of AgNO3. The silver

nanoparticles formed in the resulted f-MWCNTs-Ag nanohybrids were determined to be face

centered cubic (fcc) symmetry. The structure and nature of f-MWCNTs and f-MWCNTs-Ag

nanohybrids were characterized by UV-vis spectroscopy, Fourier transform infrared spectroscopy

(FTIR), powder X-ray diffraction analysis (XRD), Raman spectroscopy and thermogravimetric

analysis (TGA). The dispersion state of f-MWCNTs and immobilization of silver nanoparticles on

the surface of f-MWCNTs were investigated by scanning electron microscopy (SEM) and

transmission electron microscopy (TEM). Elemental composition of f-MWCNTs-Ag nanohybrids

was determined by energy dispersive X-ray spectroscopy (EDS). The antimicrobial activity of f-

MWCNTs-Ag nanohybrids were estimated against E. coli, P. aeruginosa and S. aureu and

compared with MWCNTs-COOH and f-MWCNTs. The results indicate that functionalization of

MWCNTs with aromatic polyamide dendrimers and successive deposition of Ag nanoparticles

could play an important role in the enhancement of antimicrobial activity.
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1. INTRODUCTION

Recently, carbon nanotubes (CNTs) have attracted significant scientific interest ranging

from nanoelectronics to biomedical applications owing to their unique structure and

properties.1–5 Despite these great promises, many real applications of CNTs have been

impeded by difficulties associated with their processing and manipulation. However, as

produced CNTs have the tendency to exist in bundles rather than as individual tubes,

because of strong van der Waals interactions, leading to insolubility in most organic media,

and therefore limiting the range of applications. A common technique to improve dispersion
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and achieve optimum utilization of CNTs is through chemical functionalization, which

enables chemical bonding between the CNTs and material of interest. Both covalent6–10

and noncovalent11–15 functionalization methods have been employed to impart solubility

and chemical modifications to CNTs. Generally, the linkage of small or large molecules to

CNTs by covalent methods is more stable and effective because grafted molecules raise the

solubility of CNTs even with a low degree of functionalization.16–19 One of the most

common methods of covalently functionalizing CNTs employs reactions with carboxylic

acid (–COOH) residues on CNTs, which are usually introduced by oxidation with strong

acids at the more reactive (open) end or defect sites, instead of with their side walls.20–22

This approach has been proven to be simple and does not require multiple organic synthesis

steps. The carboxylic acid groups formed at the ends, and defect sites of CNTs, are

commonly used for precursor functionalization in the formation of amine, ester and

organometallic structures.6, 23 Formation of amino-terminated nanotubes is a critical step in

covalently linked nanotubes and biomolecules because amino groups act as chemical

bridges. Among the various functionalizing molecules for CNTs, dendrimers are of

particular interest as they have some unique properties because of their globular structure

and tunable cavities.24–26 The unique properties of dendrimers make them an ideal

platform to covalently link dyes, targeting ligands, and drugs for multifunctional imaging,

targeting, and therapeutic treatment of cancer cells.27–29 Furthermore, through various

templating, stabilization, or assembly approaches, dendrimer entrapped, dendrimer-

stabilized, or dendrimer-assembled nanoparticles can be synthesized for various biomedical

applications.30–32

In recent years, considerable efforts have been devoted to anchor metal particles on the

framework of CNTs for their biomedical applications9, 26 In particular, decoration of CNTs

with noble metal nanoparticles is an intriguing subject because of the attractive properties of

noble metal nanoparticles. Amongst the noble metals, silver nanoparticles have attracted

special attention for their advantage in various studies, such as photosensitive components,

electrocatalysis, chemical sensors, catalysis, and optical devices.33–34 Silver nanoparticles

deposited on inert and conducting materials appear to be good electrocatalysts for the

oxidation of organic molecules.34 Overall, silver nanoparticles are well known for their

antimicrobial activity against bacterial pathogens.35–36 In view of present desires, the

hybrid materials comprised of CNTs, dendrimers and silver nanoparticles could emerge with

range of interesting properties.

In this paper, we described the supramolecular functionalization of multiwalled carbon

nanotubes (MWCNTs) with p-phenylenediamine and methylmethacrylate. The MWCNTs

were functionalized with p-phenylenediamine through amide linkage, and subsequently with

methylmethacrylate following the Michael addition. Fourth generation (G4) amine

terminated dendrimers were covalently attached to acid treated MWCNTs (MWCNTs-

COOH). Afterwards the Ag nanoparticles were embedded on functionalized MWCNTs (f-

MWCNTs) by dispersing them in an aqueous solution of AgNO3, without any additional

reducing agent. The structure and nature of f-MWCNTs and f-MWCNTs-Ag nanohybrids

were characterized by UV-vis spectroscopy, Fourier transform infrared spectroscopy

(FTIR), Raman spectroscopy, powder X-ray diffraction (XRD), scanning electron

microscopy (SEM) transmission electron microscopy (TEM), X-ray energy dispersive

spectroscopy (EDS) and thermogravimetric analysis (TGA). The antimicrobial activity of

carboxylated MWCNTs (MWCNTs-COOH), amino-functionalized MWCNTs (f-

MWCNTs) and Ag nanoparticles decorated functionalized MWCNTs (f-MWCNTs-Ag)

were comparatively studied against different pathogens.
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2. EXPERIMENTAL DETAILS

2.1. Materials

MWCNTs prepared by chemical vapor deposition (CVD) were obtained from Carbon

Nanotechnology Laboratory at Rice University, Houston TX, USA. The sulfuric acid, nitric

acid and methanol were purchased from Fischer. Toluene, thionyl chloride, p-

phenylenediamine, tetrahydrofuran, methylmethacrylate and silver nitrate were obtained

from Sigma-Aldrich and were used as received. All aqueous solutions were prepared with

ultrapure water obtained from the Milli-Q Plus system (Millipore).

2.2. Functionalization of MWCNTs

Pristine MWCNTs were refluxed under stirring in 1:3 (v/v) HNO3 and H2SO4 at 70 °C for

24 h. Then the mixture was filtered through 0.22 µm Millipore polycarbonate membrane and

several time washed with DI water until the pH reaches the range from 4 to 7. Thus prepared

carboxylated MWCNTs (MWCNTs-COOH) was dried under vacuum at 40 °C for 24 h and

further reacted with excess of SOCl2 at room temperature for 24 h. The resulting acylated

MWCNTs (MWCNTs-COCl) was separated by filteration, washed with anhydrous

tetrahydrofuran and dried in vacuum at 40 °C for 12 h. After that, MWCNTs-COCl was

dispersed in tetrahydrofuran by sonication for 25 min and the excess of p-phenylenediamine

was added. This mixture was stirred at 60 °C for 12 h, filtered and washed with anhydrous

tetrahydrofuran. The product, MWCNTs-NH2 thus synthesized was delete dried overnight at

40 °C. Then the dendrimer functionalized MWCNTs (f-MWCNTs) were achieved by

repeating the Michael addition of methylmethacrylate to the surface amino groups and

amidation of terminal ester groups with p-phenylenediamine. The covalent functionalization

of MWCNTs is illustrated in Scheme 1.

2.3. Preparation of f-MWCNTs and Silver Nanoparticles Hybrids

Aromatic polyamide functionalized MWCNTs (f-MWCNTs, 100 mg) were dispersed in 15

mL DI water by sonication for 25 min. An amount of 10 mL aqueous solution of AgNO3

(0.01 mol · L−1) was added drop wise to aqueous solution of dispersed f-MWCNTs. The

mixture was stirred under ambient conditions for 8 h. The resulting f-MWCNTs-Ag

nanohybrids were centrifuged and subsequently washed with DI water to remove any

loosely adsorbed nanoparticles. The f-MWCNTs-Ag nanohybrids thus obtained were dried

in vacuum at 40 °C for 12 h and used for further characterization. The synthetic procedure

followed in the preparation of f-MWCNTs-Ag nanohybrids is schematically depicted in

Scheme 2.

2.4. Estimation of Antimicrobial Activity

The antibacterial activity of MWCNTs-COOH, f-MWCNTs and f-MWCNTs-Ag

nanohybrids were tested at Hygeia Laboratories Inc. Houston, TX, USA. The tests were

performed against the Gram-positive bacterium, Staphylococcus aureu (S. aureu) and the

Gram-negative bacteria, Escherichia coli (E. coli) and Pseudomonas aeruginosa (P.

aeruginosa). All the microorganisms were subcultured on Trypticase Soy Agar for 24 h and

washed with phosphate buffered saline (PBS). The samples were diluted in PBS to provide a

concentration of 20 µg/mL for the tests. An amount of 20 µL of the bacterial suspension in

USP phosphate buffer (pH 7.2) was transferred to 1 mL of the prepared sample (11 µg

MWCNTs-COOH/mL, 20 µg f-MWCNTs/mL, or 20 µg f-MWCNTs-Ag nanohybrid/mL) in

a test tube. The inoculated samples were kept in an incubator at 37 °C for 1 h with vortexing

at every 15 min. After incubation, 1 mL of the sample was transferred to 9 mL of

neutralizing broth and the mixture was left to stand in room temperature for 15 min. Then

the tube was vortexed, and a series of 10-fold dilutions in neutralizing broth were prepared
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and plated out in Trypticase Soy Agar. The plates were incubated at 37 °C for 24 h and

recorded the colony forming units (CFU). All the tests were performed in triplicate to ensure

reproducibility and the percentage of microbe reduction (%R) was calculated using the

equation,

where CC (CFU) is the number of microbial colonies recorded on control and CS (CFU) is

the number of microbial colonies recorded on sample.

2.5. Characterization

UV-vis absorption spectra were recorded on a Varian Carry 50 Bio UV-vis

spectrophotometer. FTIR spectra were recorded using a Thermo-Nicolet IR 2000

spectrometer (KBr pellet). Thermogravimetric analyses were performed with a Perkin Elmer

Diamond TG/DTA instrument at a heating rate of 10 °C/min under flow of nitrogen. Raman

spectra were recorded using a Raman Systems R-3000QE system at room temperature in the

back scattering configuration using an Argon ion laser with wavelength 785 nm. XRD

patterns were recorded at the rate of 3°/min on a Scintag X-ray diffractometer, model PAD

X, equipped with a Cu Kα photon source (45 kV, 40 mA). SEM measurements were carried

out on a JEOL JXA-8900 scanning electron microscope. EDS measurements were made

with a ThermoNoran EDS System 6, which was attached to JEOL JXA-8900 scanning

electron microscope. TEM measurements were performed using a Hitachi H-8100

microscope at 200 kV.

3. RESULTS AND DISCUSSION

The UV–vis spectra of pristine MWCNTs, f-MWCNTs and f-MWCNTs-Ag nanohybrids are

shown in Figure 1. Pristine MWCNTs (Fig. 1(a)) displayed an absorption band at 248 nm

with decreasing absorptivity, which is typical for MWCNTs.37 After dendrimer

functionalization of MWCNTs, the characteristic band in f-MWCNTs appeared at 262 nm

(Fig. 1(b)), this observed red shift in the characteristic band of MWCNTs indicates the

existence of functionalized dendrimer macromolecules on the surface of MWCNTs. The

spectrum of f-MWCNTs-Ag nanohybrids (Fig. 1(c)) has displayed two characteristic bands

related to the presence of f-MWCNTs and Ag nanoparticles. The band at 266 nm is

attributed to f-MWCNTs and the band at 370 nm is owing to surface plasmon excitation of

Ag nanoparticles.

FTIR spectra of f-MWCNTs and f-MWCNTs-Ag nanohybrids were obtained to confirm the

proposed structural rearrangement on the surface of MWCNTs and are shown in Figure 2.

The spectrum of f-MWCNTs (Fig. 2(a)) displayed an absorption band at 3427 cm−1 which is

attributed to N–H stretching frequency. The bands at 2851 and 2922 cm−1 are assigned to

symmetric and asymmetric stretching of –CH2. The band appeared at 1621 cm−1 was due to

the carbonyl stretching of amide (–CO–NH). The presence of the band at 1031 cm−1 is

another characteristic signal from –CO–NH absorption. In addition, the bands for the

presence of aromatic ring are observed at 1515 cm−1 (aromatic C–C), 1031 and 1113 cm−1

(–CH) and 826 cm−1 (C–H para-aromatic out of plane vibration).38 The spectum of f-

MWCNTs-Ag nanohybrids (Fig. 2(b)) displayed all the bands present in f-MWCNTs (Fig.

2(a)), the most obvious changes observed are in their band position. In Figure 2(b), the N–H

stretching was observed at 3341 cm−1, where as symmetric and asymmetric stretching of –

CH2 was observed at 2855 and 2924 cm−1. The characteristic band from –CO–NH was

displayed at 1605 cm−1 and the bands from aromatic ring are observed at 1509 cm−1

(aromatic C–C), 1016 and 1162 cm−1 (–CH) and 831 cm−1 (C–H para-aromatic out of plane
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vibration). The conformational changes observed by shifting of bands in f-MWCNTs-Ag

nanohybrids indicate the formation of stable nanohybdrids by the deposition of silver

nanoparticles on the surface of f-MWCNTs.

The crystalline structure of modified MWCNTs was assessed by XRD analysis. Figure 3

depicts the XRD patterns of pristine MWCNTs, f-MWCNTs and f-MWCNTs-Ag

nanohybrids. The diffraction peaks with 2θ value of 25.56° and 43.45° for pristine

MWCNTs (Fig. 3(a)) and the peaks at 25.54° and 43.75° for f-MWCNTs (Fig. 3(b)) are

corresponds to (002) and (110) reflections of graphite from the MWCNTs.39 The shifting of

characteristic peak position in the XRD pattern of f-MWCNTs shows the perfect

modification of pristine MWCNTs. There is no drastic change in the position of

characteristic peaks of pristine MWCNTs and f-MWCNTs was observed, which suggest that

MWCNTs are well retained their original structure after functionalization also. Figure 3(c) is

the XRD pattern of f-MWCNTs-Ag nanohybrids, the diffraction peaks at 38.03°, 44.24° and

64.26° can be readily indexed to (111), (200) and (220) Bragg’s reflections of silver with

face centered cubic (fcc) symmetry.26, 40 This demonstrates the deposition of Ag

nanoparticles in their metallic state on the surface of f-MWCNTs. The characteristic

diffraction peaks of MWCNTs are not clearly visible in f-MWCNTs-Ag nanohybrids due to

high intense peaks generated from strongly attached Ag nanoparticles to the surface of

aromatic polyamide functionalized MWCNTs (f-MWCNTs). The estimated domain size of

silver nanoparticles using (111) reflection by the Scherrer equation41 is ca. 35 nm.

The Raman spectra of MWCNTs-COOH, f-MWCNTs and f-MWCNTs-Ag nanohybrids

obtained with an excitation of 785 nm laser is shown in Figure 4. All the spectra displayed

the D- and G-bands around 1270 and 1570 cm−1, respectively, corresponding to disorder

and tangential modes of MWCNTs. Furthermore, the spectra of MWNT-COOH and f-

MWCNTs exhibited the D2-band at 1650 cm−1, which is known to be directly affected by

the disorder in nanotubes. In all the spectra, G-band is barely detectable against the noise.

There is no significant shifts of bands were observed when the MWCNTs-COOH is

functionalized with dendrimer molecules and further with Ag nanoparticles. The absolute

intensity of disorder (D) mode band in the spectrum of f-MWCNTs (Fig. 4(b)) is higher than

the intensity in the spectrum of MWNT-COOH (Fig. 4(a)). This increase in the intensity of

D-band corresponds to conversion of hybridization of C atoms on the nanotubes from sp2 to

sp3, which indicates covalent functionalization of MWNT-COOH. The spectrum of f-

MWCNTs-Ag nanohybrids (Fig. 4(c)) has displayed the broadened D- and G-bands, in

addition the D2-band is not present, these conformational changes might arise from the

deposition of Ag nanoparticles on the surface of f-MWCNTs.

In order to investigate the degree of functionalization of MWCNTs, thermogravimetric

analyses were conducted and the thermograms obtained are shown in Figure 5. There is no

significant weight loss was observed for carboxylated MWCNTs (MWCNTs-COOH) (Fig.

5(a)) up to 600 °C (11.4%). Whereas at the same temperature, generation 2, (f-MWCNTs/

G2) (Fig. 5(b)), generation 3 (f-MWCNTs/G3) (Fig. 5(c)) and generation 4 (f-MWCNTs/G4,

i.e., f-MWCNTs) (Fig. 5(d)) show 29.3, 49.3 and 62.1% weight loss, respectively, which is

ascribed to the presence of aromatic polyamide dendrimer, grafted on the surface of

MWCNTs. The thermal degradation of functionalized MWCNTs (Figs. 5(b–e)) consist of

two weight loss steps due to different functional groups present on the surface of f-

MWCNTs. The first weight loss below 300 °C could be ascribed to partial decomposition of

covalently bonded dendrimers and the second weight loss could be attributed to the thermal

decomposition of the defect sites of MWCNTs. The single inflection in the weight loss up to

300 °C indicates the presence of covalently bonded aromatic polyamide dendrimers on the

surface of MWCNTs. The presence of organic contents on the surface of MWCNTs is

estimated from the residual weight remained at 800 °C, which is 42.2%, 53.4% and 64.8%
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for generation 2, 3 and 4, respectively. The thermal degradation of f-MWCNTs-Ag

nanohybrids (Fig. 5(e)) is different from f-MWCNTs/G4 i.e., f-MWCNTs (Fig. 5(d)) and the

residual weight remained at 800 °C is 39.9%, which indicates the incorporated silver

nanoparticles in f-MWCNTs-Ag nanohybrids are stable and strongly bonded.

The SEM image of f-MWCNTs-Ag nanohybrids is shown in Figure 6(a), which

demonstrates that f-MWCNTs bundles are more dissociated and less tightly bound with each

other in f-MWCNTs-Ag nanohybrids, which would lead to the enhancement in solubility.

The best spatial resolution was insufficient to clearly identify the presence of silver

nanoparticles in Figure 6(a), this task was accomplished by TEM analysis. The TEM images

shown in Figures 6(b–d) display the morphology of f-MWCNTs after deposition of Ag

nanoparticles. It could be observed in Figure 6(b) that the f-MWCNTs bundles are separated

and distributed homogeneously in f-MWCNTs-Ag nanohybrids, which suggests the uniform

attachment of dendrimers on each nanotube. It can also be seen that the f-MWCNTs are well

covered with homogeneosuly distributed, uniform sized silver nanoparticles. The average

size of silver nanoparticles calculated from TEM is found to be ca. 34 ± 1.2 nm, which is

consistent with the particle size calculated from Scherrer equation. The presence of silver

nanoparticles along the sidewalls of f-MWCNTs (Figs. 6(c and d)) indicates the existence of

strong interaction between aromatic polyamide dendrimers and silver nanoparticles. There is

no loosely bonded or free standing nanoparticle present in the void space, which

demonstrates that the nanoparticles incorporated in f-MWCNTs-Ag nanohybrids are stable.

The lower contrast of dendrimers does not allow the visualization of the anchoring of

dendrimers on the surface of MWCNTs. These results indicate that the dendrimer

macromolecules, covalently attached on the surface of MWCNTs-COOH play a role as

platforms for the formation of Ag nanoparticles and these platforms are acting as a substrate

for the nucleation of silver nanoparticles. The EDS results further reveal the presence of

silver in the f-MWCNTs-Ag nanohybrids (Fig. 7). The C signal originates from MWCNTs,

and a small part of that contributes from the surface organic molecules. The Ag signal

produced from the silver nanoparticles present in the nanohybrids, whereas the Al, Si and Ti

signals generated from the substrate. Thus the TEM and EDS results confirm the successful

deposition of silver nanoparticles on the surface of f-MWCNTs.

The antibacterial activity of MWCNTs-COOH, f-MWCNTs and the f-MWCNTs-Ag

nanohybrids is graphically shown in Figure 8. The MWCNTs-COOH has the microbe

reduction capacity of 34.1 ± 1.9%, 26.9 ± 1.1% and 22.8 ± 1.8% for E. coli, P. aeruginosa

and S. aureu, respectively. The f-MWCNTs showed the microbe reduction of 72.6 ± 2.6%,

65.2 ± 1.9% and 35.5 ± 2.1% for E. coli, P. aeruginosa and S. aureu, respectively. Whereas,

the microbe reduction capability of the f-MWCNTs-Ag nanohybrids is 93.7 ± 1.5%, 69.7 ±

1.9% and 56.7 ± 1.8% for E. coli, P. aeruginosa and S. aureu, respectively. The antibacterial

activity of MWCNTs-COOH is significantly enhanced by functionalizing with aromatic

polyamide dendrimer (f-MWCNTs), which further improved by incorporation of silver

nanoparticles onto f-MWCNTs. Thus f-MWCNTs and the f-MWCNTs-Ag nanohybrids

showed stronger antimicrobial effect than MWCNTs-COOH against all the three tested

bacteria. The presence of silver nanoparticles is significantly improved the antibacterial

efficiency of the f-MWCNTs-Ag nanohybrids. Thus the antimicrobial activity of silver

nanoparticles in dendrimeric matrix proved to be important for the prevention of adherence

and proliferation activities of bacteria. The f-MWCNTs-Ag nanohybrids showed higher

antibacterial activity against Gram-negative bacteria, E. coli and P. aeruginosa compared

with Gram-positive bacterium, S. aureu. This observed variation in the activity of Gram-

positive and Gram-negative bacteria might be due to difference in their membrane structure.

The most distinctive difference lies in the thickness of the cell wall, composed of

peptidoglycan. The peptidoglycan layer of Gram-positive bacteria (about 20–80 nm) is

usually thicker than that of Gram-negative bacteria (about 7–8 nm).26 The thinner cell wall
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of Gram-negative bacteria results in the stronger interaction between negatively charged

bacterial wall and dendrimer macromolecules, which can possibly increase the contact area

between Ag nanoparticles and bacteria.42

4. CONCLUSIONS

In summary, the multiamine comprised dendritic molecular structures were successfully

constructed on the surface of pristine acid treated MWCNTs by repeated polymerization of

p-phenylenediamine and methylmethacrylate. The covalent attachment of fourth generation

aromatic polyamide dendrimers on the surface of MWCNTs-COOH was achieved through

Michael addition and amidation reactions. The numerous functional amine groups on the

surface of f-MWCNTs played an important role in the in-situ reduction of Ag+ ions and

simultaneous formation of silver nanoparticles, under ambient conditions without any

additional chemical or irradiation technique. The efficient exfoliation of f-MWCNTs and

homogeneous distribution of Ag nanoparticles in f-MWCNTs-Ag nanohybrids is an

indication of the effectiveness of our functionalization method. Our findings revealed that f-

MWCNTs and f-MWCNTs-Ag nanohybrids have higher antibacterial activity than

MWCNTs-COOH against against E. coli, P. aeruginosa and S. aureu. The antibacterial

activity of pristine MWCNTs is drastically enhanced by the functionalization with

hyperbranched aromatic polyamide, which further improved by the immobilization of Ag

nanoparticles. The f-MWCNTs-Ag nanohybrids showed higher antibacterial activity against

the tested Gram-negative bacteria, E. coli and P. aeruginosa. The strategy of this method is

also suitable for the preparation of nanohybrids containing f-MWCNTs and other noble

metal nanoparticles. The prepared multifunctional f-MWCNTs-Ag nanohybrids are stable

and biocompatible, so these nanohybrids could be used as a nanoplatform for the

development of CNTs based antibacterial materials.
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Fig. 1.

UV-vis spectra of (a) pristine MWCNTs, (b) f-MWCNTs and (c) f-MWCNTs-Ag

nanohybrids.
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Fig. 2.

FTIR spectra of (a) f-MWCNTs and (b) f-MWCNTs-Ag nanohybrids.
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Fig. 3.

XRD patterns of (a) pristine MWCNTs, (b) f-MWCNTs and (c) f-MWCNTs-Ag

nanohybrids.
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Fig. 4.

Raman spectra of (a) MWCNTs-COOH, (b) f-MWCNTs and (c) f-MWCNTs-Ag

nanohybrids.
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Fig. 5.

TGA thermograms of (a) MWCNTs-COOH, (b) f-MWCNTs/G2, (c) f-MWCNTs/G3, (d) f-

MWCNTs/G4 i.e., f-MWCNTs and (e) f-MWCNTs-Ag nanohybrids.
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Fig. 6.

(a) SEM image and (b–d) TEM images of f-MWCNTs-Ag nanohybrids.
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Fig. 7.

X-ray energy dispersive spectroscopy (EDS) of f-MWCNTs-Ag nanohybrids.
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Fig. 8.

Antibacterial activity of MWCNTs-COOH, f-MWCNTs and the f-MWCNTs-Ag

nanohybrids.
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Scheme 1.

Illustration of covalent modification of pristine MWCNTs.
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Scheme 2.

Schematic representation of in-situ reduction of aqueous solution of AgNO3 and formation

of silver nanoparticles on the surface of f-MWCNTs.
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