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Abstract: Nanobiotechnology is a promising field concerned with the using of engineered nanomaterials, which leads to the
improvement of new human remedial against pathogenic bacteria modalities. In this work, silver nanoparticles (AgNPs) were
prepared by an easy, cheap and low-cost electro-chemical method. The AgNPs were then loaded successfully on to multi-
walled carbon nanotubes (MWCNTSs) using a modified chemical reaction process. The AgNPs on the MWCNTs were well spread
and evenly distributed on the surfaces of the long nanotubes with well-graphitised walls as examined by high-resolution
transmission electron microscopy. X-ray diffraction and transmission electron microscopy were used for sample
characterisation. Good dispersion of AQNPs was obtained on the surface of MWCNTs, resulting in an efficient reactivity of the
carbon nanotubes surfaces. Finally, the antibacterial activity of AgNPs/MWCNTs hybrid was evaluated against two pathogenic

bacteria Pseudomonas aeruginosa and Staphylococcus aureus exhibited excellent activity.

1 Introduction

Nanotechnology is a new promising tool due to its common
application in biology. It offers an eco-friendly option for disease
management and has many advantages over traditional chemical
methods, which are related to environmental toxicity. [1].
Nanostructures such as single- and multi-walled carbon nanotubes
(SWCNTs and MWCNTs) are contributing widely to the water
treatment processes. There are several advantages of
nanotechnology in solving many problems related to the safety of
the environment [2, 3].

The nanotechnology can adequately deal with many of the
industrial applications by using various types of nanomaterials
such as MWCNTs/SWCNTs metal oxide, Ag/TiO, and MWCNTs
[4]. Nanotechnology employs the materials of sizes <100 nm as
linked with other fields such as engineering and chemistry [5, 6].
At this level, materials gain notably change in physical, chemical
and biological features because of the greater surface area to
volume ratio, sensing, and detection as well as pollution control [7,
8].

The silver nano-antimicrobials are known as a promising
candidate for medicine [9, 10]. They were found to exhibit
excellent antimicrobial activity [11].

The size of AgNPs in aqueous suspension makes them
accumulate and lead to a noticeable decrease in antibacterial
activity in addition to using higher concentrations of AgNPs leads
to a vastly toxic possibility to bacterial cells. The main reason of
AgNPs cytotoxicity depends mainly on the generation of reactive
oxygen species because of the release of silver ions [12]. Hence,
the synthesis of new nanostructures by loading of AgNPs on
secondary materials to develop antibacterial activity and decrease
unwanted effects of silver is highly demanded.

Lately, improvement of MWCNTs/AgNP hybrid makes great
progress for different technical applications such as sensor, biology
medicine and as a catalyst. Carbon nanotubes (CNTs) including
SWCNTs and MWCNTs drew large attention as a supportive
material as a result of their exceptional features such as high
surface area and chemical constancy after varying functionalisation
methods [13]. Particularly, with the high surface area of MWCNTs,
they could be worked as efficient patterns for loading the AgNPs
on the MWCNTs surface with elevated constancy and excellent
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antimicrobial action [14]. Biological contaminants can be
categorised into various groups, such as microorganisms, several
adsorbents including activated carbon have practically excellent
antimicrobial efficiencies and there are many factors that control
this process [15]. The AgNPs loading MWCNTs were found to
show growth inhibition for different Gram positive bacteria such as
Staphylococcus aureus and Gram negative bacteria model such as
Escherichia coli and Pseudomonas aeruginosa. Numerous efforts
have been made to increase the antibacterial activity except
toxicology of hybrid materials by combining the AgNPs and
MWCNTs. However, the understanding of the action mechanism of
Ag/MWCNTs composites on bacteria has not been satisfactory.
Therefore, additional studies to further understand the interaction
and bactericidal mechanisms of carbon-silver composites are
actually needed [16, 17]. In this work, the silver ions were prepared
and produced by an easy, cheap and low-cost method; it was the
electro-chemical method that has a direct effect in killing or
penetrating the walls of bacteria as compared to other methods of
producing such as a physical or chemical method. Also,
antimicrobial activity of the prepared Ag/MWCNTs hybrid was
evaluated against two pathogenic bacteria including S. aureus and
P aeruginosa.

2 Literature review

Ag-MWCNTs have shown improved biocide activity against E.
coli, S. aureus, Salmonella typhi, and P. aeruginosa [18]. CNTs/
silver nanocomposites exhibited antibacterial activity against
Gram-positive bacteria (S. aureus) and Gram-negative bacteria (E.
coli) [19]. CNTs have unique biocompatibility properties that
improve the advantageous properties of the nanocomposite
material such as inhibiting bacterial infectivity [20] and water
purification processes [21]. The antibacterial rate of Ag-MWCNTs
increased to 92.9% against E. coli bacteria [22].

3 Vision of the study

This study was devoted to improving the antimicrobial activity of
Ag/MWCNTs hybrid material on Gram-negative and Gram-
positive bacteria depending on the concentration of AgNPs
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Fig. 2 Decoration schematic of AgNPs on the MWCNTs

decorated F-MWCNTs and their ability to damage the cell wall of
bacteria for biomedical application.

4 Experimental work
4.1 Preparation of AQNPs/MWCNTs hybrid

The synthesis of silver loading on CNTs is accomplished by two
steps:

(i) Synthesis of Ag® is based on the eco-friendly electrochemical
techniques that did not need any addition of reducer agents that are
usually toxic [23]. This process involves using two poles of pure
Ag in bar form in distilled water that is applied to a battery voltage
difference of 12-24 V and a reverse bias. The formation of nano
silver colloidal in the electrochemical method is illustrated in
Fig. 1. The time used for polarity exchanging was 4 min, before
this time, the particles accumulation could cause gradual reduction
in efficiency of the pole surface.

(i) The F-MWCNTs surface is produced by a combination of
concentrated 95% H,SO4 and 65% HNO; (3:1) using
ultrasonication technique for one hour.

Then, 10 ml of Ag® solution was dropped on a suitable amount
of F-MWCNTs that was functionalised using the step 2 process.
Then, the mixture is reduced at 250°C to deposit Ag® on to the
functionalised CNTs surface by heat treatment for one hour.
Finally, the resulting Ag/MWCNTs hybrid was collected and
washed with deionised water then dried under vacuum at 100°C for
24 h. Then, the free-standing nanocomposite was annealed at
400°C for one hour.

4.2 Characterisation of Ag/MWCNTs

An X-ray diffractometer (6000-Shimadzu) was used to prepare Cu-
Ka wavelength radiation (2= 1.540600 A) for the surface structure
test. Transmission electron microscopy (TEM) (Philips EM208)
and high-resolution TEM (HRTEM) (JEOL, JEM-2100) were used
to determine the morphological and shape of AgNPs on the CNT
surface.
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4.3 Antibacterial activity

The very abundant pathogenic bacteria P. aeruginosa as a Gram-
negative bacteria model and S. aureus as a Gram-positive model
were kindly provided by the Biotechnology Department, the
University of Technology, Baghdad for assessing the antibacterial
action of Ag/MWCNTs hybrid. About 5x10° cells/ml of bacterial
suspensions were seeded in nutrient broth at 37°C for 16—18 h. The
reduction in viable cell number after interaction with AgNP/
MWCNTs at different concentration (1, 3, 5) mg/ml was
determined by the standard agar method. Moreover, bacterial
viability is also studied at different incubation times (3, 5, and 10
h) [24].

5 Results and discussion

A schematic illustration of the formation mechanism of Ag/
MWCNT nanocomposites shown in Fig. 2 is represented by
functional groups introduced on F-MWCNTs by chemo-reduction.

The size of colloidal AgNPs is distributed uniformly with slight
agglomeration, and the average diameter ranges from 12 to 70 nm
with a different magnification as shown in Figs. 3a and b. The
electrochemical techniques are interesting because they allow us to
obtain high pure particles by fast and easy techniques and control
the particle size by adjusting the current density [25, 26].

The raw MWCNTSs tend to aggregate into a thick network of
ropes due to their strong van der Waals attraction and high aspect
ratio between the MWCNTs causing their poor solubility in many
solvents [1]. Hence, their practical application is limited
significantly. In order to expand their application, preparation of
raw MWCNTs by the acid mixture of (H,SO4:HNO3) was adopted.
The functional groups contain oxygen located on the surface, e.g.
carboxyl (-COOH) and hydroxyl (—-OH) groups that create a
hydrogen bond with water molecules enhance the dispersity of the
MWCNTs in aqueous solution. The oxygen-containing functional
groups on MWCNTs—COOH supplied nucleation sites for Ag ions
and regularly distributed AgNPs [27].The experimental result
reveals that Ag/MWCNT nanocomposites have been successfully
produced through the attachment of AgNPs onto the surface of
acid-treated MWCNTs. The AgNPs on the MWCNTs were well
spread and evenly distributed on the surfaces of the long nanotubes
with well-graphitised walls as examined in HRTEM images,
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Fig. 3 TEM images of representative AgNPs formation using the
electrochemical method at different magnifications
(a) Scale bar =300 nm, () Scale bar =80 nm

Fig. 4 HRTEM images showing hybrid AgNPs deposited on MWCNTs at
different magnifications
(a) Scale bar= 100 nm, () Scale bar=20nm

Table 1 Experimental X-ray pattern peaks for the AgNPs
Grain size (nm ) B(FWHM) (deg) hkl 26 (deg)
16.85 0.8371 (111) 38.1°
19.11 0.4233 (200) 44.3°
15.26 0.5919 (220) 64.7°

furthermore, bending tubes were observed in MWCNTs (Figs. 4a
and b). Large blocks and closely arranged MWCNTs reproduced in
raw MWCNTs, which have become loosely and extremely
dispersed after acid treatment, the same finding was noted by the
authors of [28, 29]. The deposition of AgNPs outside and inside of
F-MWCNTs may result from long-time heat treatment. Then, a
narrow size distribution of AgNPs was observed with the absence
of free particles in the background images of HRTEM and this
proves all formed AgNPs were permanently attached to the CNTs.
Furthermore, structural confirmation of the silver and carbon
nanomaterials was evaluated by investigation of Ag-MWCNTs and
MWCNTs-COOH by X-ray diffraction (XRD) patterns (Figs. Sa—
¢). Two major diffraction peaks of F-MWCNTs offered graphite
after the functionalisation of MWCNTSs, which correspond to the
(002) and (100) at 20=25.8° and 44.1°, respectively, illustrated in
Fig. 5a. The XRD pattern of Ag/MWCNTs shows three distinct
diffraction peaks at 26 =38.1°, 44.3°, and 64.7°, which correspond
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Fig. 5 XRD patterns for
(a) Pristine, (b) Functionalised MWCNTs, (¢) Ag/MWCNTs

to the (111), (200), and (220) crystalline planes of AgNPs (Fig. 5b).
The size of AgNPs to each peak was estimated from the full width
at half maxima (FWHM) of the diffraction peaks of silver
corresponding to AgNPs/MWCNTs as listed in Table 1.

The mean particle size is about 3.5 and 15 nm on the basis of
Debye Scherrer's equation. The XRD pattern indicated that AgNPs
consisted of pure phase, and no typical peaks were observed for
other particles which actually confirm that the synthesised
nanocomposites contain only AgNPs. Generally, HRTEM and
XRD results confirm the synthesis of well dispersed and pure
AgNPs on the entire surface of the MWCNTs.

The cytotoxicity of Ag/MWCNT hybrid was assessed at
different concentrations (1, 3 and 5 mg/ml) by determining the
capacity of the bacteria to create colonies, by calculating the
colony forming units (CFU) number as illustrated in Figs. 6a and b.
It could be realised that the high concentrations of AgNPs/
MWCNTs exhibit action activity resulting in the dropping of the
number of CFUs against S. aureus than that of P. aeruginosa after
24 h of incubation; this result suggests that the bacterial growth
inhibition of the hybrid sample might be due to the MWCNTs and
AgNPs synergetic effect.

The Ag/MWCNT hybrid could kill the bacteria through
physical contact to a bacterial cell by impairing the function of its
membrane which may eventually lead to cell death.

The activity of Ag/MWCNT samples at various concentrations
was more effective against S. aureus bacteria than that of P
aeruginosa bacteria, this may be from the weaker surfaces for
Gram-positive species as compared with the Gram-negative ones
[30].

The cell viability of the tested bacteria after 3, 5, and 10 h of
incubation time on the Ag/MWCNT filters at different
concentrations (1, 3 and 5 mg/ml) is summarised in Fig. 7. It can
be realised that Ag/MWCNT samples were found to show
considerable inhibitory influence against P. aeruginosa and S.
aureus. The obtained results illustrated in Fig. 7a exhibited that
after 10 h of incubation at a concentration of 5 mg/ml the Ag/
MWCNTs induced a serious decrease in S. aureus viability; in
contrary, the Ag/MWCNT hybrid provokes a significant reduction
in P. aeruginosa viability (Fig. 7b). Some chemicals were added
for MWCNT synthesis because of the ion exchange between —
COOH on the surface of F-MWCNTs and cell membrane of
bacteria that worked as a barrier for pathogens growth. It also
proposed that the increase of ionic strength of solution weakened
the interactions between the F-MWCNTs and bacteria due to the
negative charge for the bacterial membrane and the surface of F-
MWCNTs, in that way increasing the adsorption efficiency of
saline matter which led to bacteria death.

Cell viability test was accomplished after 3, 5 and 10h of
incubation of each bacterial cell (5x103 CFU) with the different
concentrations of Ag/MWCNT suspensions (1, 3, and 5 mg/ml) or
phosphate buffered-saline only (control) for 24 h. Cell survival was
observed through a colony counting method that represented as a
percentage with regard to control.
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Fig. 6 Antibacterial activity determination of Ag/MWCNTs hybrid at
concentrations: 1, 3 and 5 mg/ml by the standard agar method after
incubation with

(a) P. aeruginosa, (b) S. aureus
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Fig. 7 Antibacterial activity of Ag/MWCNT filters on

(a) S. aureus, (b) P. aeruginosa

The scanning electron microscopy (SEM) images revealed that
P. aeruginosa and S. aureus strictly stick to CNTs and entrapped
into the MWCNTs network in vitro after 24 h of incubation with
AgNPs/MWCNTs hybrid as illustrated in Fig. 8. The antimicrobial
activity damages the cell membranes, which leads to the leakage of
cell substances and eventually bacterial death after exposure to
different concentrations of the hybrid. Bacteria have been shown to
attach to carbons through van der Waals forces between the cell
and the CNT; this process can clarify by what means CNTs
stimulate arresting of cells [31].

It is interesting to note that the hybrid materials inactivate S.
aureus more than P. aeruginosa. These results confirm that AgNPs/
MWCNTs had potent toxicity to bacterial cells after long
incubation time for both bacteria.

Moreover, it is found that the toxicity increases with the high
concentration of hybrid materials, which is in agreement with those
reported [32, 33]. However, our research establishes the in vitro
direct attachment between Ag/MWCNTs and bacterial cells, so, in
vivo analysis of our nanostructures would be advantageous in
future work for diagnosing toxicity in clinical applications.

6 Conclusions

A modified chemical reaction method was introduced in this study
for the preparation of AgNPs for loading on MWCNTs. Moreover,

600

BEAEAAAC T e B 10 00 W
Sy 14 WO 10 .
Deneslyy 1S4

S ETRTTR TR ST ARy 1208 0y FETOEOTS VIGAL 1138
L ] WO T

Ofemaahy LT ETY

e L )

Fig. 8 SEM images after incubation of AgNPs/MWCNTS for 24 h with

(a) P. aeruginosa, (b) S. aureus

the resulted Ag/MWCNT hybrids are found to show an effective
cytotoxicity in bacterial cells after long incubation time for both
bacteria which depend on concentration and time, these results find
the small sizes and fine dispersions of AgNPs loading on
MWCNTs make it a promising tool for biomedical and industrial
applications.
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