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ADVANCED MANUFACTURING

Developing Antibacterial
Nanocomposites

After the pandemic, we became more aware of microorganisms around us Keywords:

and realized how these creatures could affect our health and environment. Nanocomposites, PDDA,

In this regard, this project was planned to prepare polymer-based antibacterial, graphene oxide,
nanocomposites with antibacterial properties. This study selected a cationic cationic polymer.

polymer, poly (diallyl dimethylammonium) chloride (PDDA), along with

graphene oxide reinforcement to achieve this goal. The mechanical and

thermal properties of PDDA, GO, and the prepared PDDA-GO nanocomposite Corresponding author:
will be characterized by dynamic mechanical analysis (DMA) and differential EatonM@cardiff.ac.uk
scanning calorimetry (DSC). A high glass transition (Tg) (around 2507C) has

been identified with DSC and DMA for the PDDA. The minimum inhibitory

concentration (MIC) technique was used to study their antimicrobial activities

against Staphylococcus aureus and Escherichia coli. The early results for the

PDDA were shown to be moderately effective against E. coli and S. aureus,

with values of 64 and 16 ug/mL, respectively.
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INTRODUCTION

Over the past decades, nanomaterials and polymer
nanocomposites have gained massive engagement in
various fields; For instance, biomedical applications

[1], sensors and biosensors [2], and tissue and scaffold
engineering [3]. Materials at the nanometre scale permit the
designing and generating of new products with outstanding
performance and enhanced characteristics [4].

Nanocomposites have a solid structure in which the distance
between the phases includes at least a dimension with
nanoscale size [5]. Composites generally have two “matrix”
and “reinforcement” phases. There are three prevalent
matrices, polymer, metal, and ceramic, with reinforcement
in various forms such as lamina, fillers, fibre (short and
continuous), flake, and particles.

Herein, we aim to prepare polymer-based with reinforcing
graphene oxide nanocomposites with potential
antimicrobial properties. Polymers as nanocomposite
matrices can have almost the same mechanical and thermal
properties as metal and ceramics matrices with easier and
more affordable processing [6].

With the development of nanotechnology, novel
nanomaterials have been proposed with considerable
antimicrobial activity, especially in the nanocomposite
forms [7]. Nanomaterials like graphene and its derivatives,
oxide nanoparticles, carbon nanotubes, etc., have been
used as fillers in nanocomposites with incredible outcomes

[8].

Among them, graphene oxide (GO), Due to the presence

of these functional groups such as epoxy, carbonyl and
hydroxyl functional groups, is the most accustomed one and
can be dispersed in water, which caused it to be favoured for
biomedical applications [9].

Moreover, graphene oxide, has been successfully used

as a reinforcement for polymers owing to its outstanding
thermal, mechanical, and electrical properties. The
exfoliation and good dispersion of GO, along with a strong
interface interaction between GO and polymer, are crucial to
observe such property enhancements [10].

Furthermore, graphene oxide, due to its outstanding
thermal, mechanical and electrical properties, has been
successfully used as a reinforcement for polymers. The deep
interface interaction between GO and polymer, along with
its exfoliation and good dispersion, are crucial to observe
such property enhancements.

Moreover, owing to the exfoliation and good dispersion

of GO, along with a strong interface interaction between
GO and polymer, it has been successfully used as a
reinforcement for polymer nanocomposites, along with
outstanding thermal, mechanical, and electrical properties.

Numerous studies have been conducted on the potential
antimicrobial activity of GO. The antibacterial property

has been associated with the physical damage to cell
membranes due to membrane stress which has been caused
by sharp edges of the GO, Which results in leakage of RNA
from bacteria membrane; Additionally, the oxidative stress
has been identified as the most widely accepted mechanism
via either a ROS-dependent or a ROS-independent pathway,
which can interfere with bacterial metabolism and disrupt
crucial cellular functions, eventually leading to inactivation
or even cell death [11]. It was suggested that graphene may
induce oxidative stress on neural phaeochromocytoma-
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derived PC12 cells [12]. Several research has been
conducted on this antibacterial activity of GO, and
inconclusive results have been reported. A recent report has
shown that contact of E. coli and Staphylococcus aureus
bacterial cells with GO can result in growth reductions of
about 51 and 61%, respectively [13].

Given the above, the initial objective of the presented
work was to identify a suitable polymer with antimicrobial
properties. One of the most promising candidates is
polycationic family of polymers, this is due to their mass
and charge localization that promotes electrostatic
interaction between the cationic structure and the
negatively charged bacterial cell membrane, causing
disruption of the cell membrane and/or wall, and reaction
with the cytoplasmic membrane (lipid or protein) followed
by membrane disorganization [14]. Amongst polytcationic
polymers, quaternary ammonium compounds (QACs)

are the most valuable antiseptics and disinfectants.
Furthermore, they are environment friendly which favours
their usage [15]. Between all available QACs, poly (diallyl
dimethylammonium) chloride (PDDA) was chosen in this
study as it displayed an outstanding antimicrobial activity
[16].

MATERIALS AND METHODS

Materials

PDDA (20% water solution, average Mw = 100,000~ 200,000)
was purchased from Sigma Aldrich. Graphene oxide (1%
aqueous dispersion, 1L) was acquired from GOgraphene
and used as received. Distilled water (DI) was used in all the
fabrication process, including solutions preparation and
washing.

Preparation of PDDA-graphene oxide nanocomposite.
Graphene oxide sheets were functionalized with PDDA by
non- covalent bonding by adding suitable amounts of 1 wt%
GO to 20 wt% PDDA aqueous solutions and sonicated for
half an hour.

Antibacterial Activity

In order to study the antimicrobial properties of the
antimicrobial agents (PDDA and GO) and the prepared
nanocomposite, the minimum inhibitory concentration
(MIC) method was used. Two strains including Gram-
negative E. coli ATCC 25922 and Gram-positive S. aureus
ATCC 6538 were selected for antibacterial tests because
they are usually associated with the medical-associated
infections. The target E. coli and S. aureus cultures were
grown overnight in a Luria— Bertani (LB) broth at 37 °C.
The cultures were subsequently diluted in fresh medium
and grown until 2h, which was confirmed by measuring
the optical density at 600 nm. Afterward, the bacterial cells
were suspended and diluted in sterile saline solution to 107
colony-forming units (CFU) mL™.

For the MIC tests, the antibacterial agents were diluted to
serial dilutions (1028, 512, 256, 128, 64, 32, 16, 8, 4,2 ug
mL™?) by sterile saline solution before being inoculated with
the bacteria suspension. The lowest concentration that can
satisfied, represented the MIC of the antibacterial materials.
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Thermal and Mechanical properties

The thermal decomposition, curing temperature, and the
glass transition temperature (Tg) of PDDA, GO, and the
PDDA-GO nanocomposite were measured by differential
scanning calorimetry (DSC) (Netzsch / DSC 200) instrument
in the nitrogen atmosphere. For DSC analysis, specimens
were heated with continuous increment in temperature
from -80 to 360°C with a rate of 20°C/min.

Perkin Elmer DMA 8000 instrument at dual cantilever
clamp mode at 1 Hz and 10 HZ of vibration frequency was
used to measure the dynamic mechanical property and
thermal properties of the PDDA, GO, and the PDDA-GO
nanocomposite. The dynamic force was applied in the
temperature from 30 to 360°C with heating rate 3°/min.

RESULTS AND DISCUSSION

Antibacterial Activity of PDDA.

The minimum inhibitory concentration (MIC) as a reference
method, have been widely used to test the in-vitro
antibacterial activity of antimicrobial agents that inhibits
the visible and rapid growth of the bacteria for measuring
the potential agents against specific pathogens. Target
pathogens were chosen E. coli as Gram-negative bacteria,
S. aureus as Gram-Positive bacteria. As displayed in the
polymer activity after an overnight incubation toward both
kinds of bacteria was examined for three times. Results
showed PDDA was effective against both bacteriain a
concentration-dependent manner values for E. Coli and S.
aureus of 16 and 64 ug/ml, respectively. These observed
MIC values are suggesting that the PDDA has antibacterial
activity in concentrations from 16 (against E. coli) and 64 ug
mL™ (against S. aureus).

Bacteria PDDA concentration (ug mL™)
E. coli >16
S. aureus >64

Table 1. Antibacterial activity of PDDA.

Thermal properties of PDDA

To investigate the thermal properties of PDDA, the DSC
(Differential Scanning Calorimetry) was first used to
determine the glass transition (Tg) and the polymer’s
melting temperature.

Various weights and heating ranges were used to do the
DSC analysis. Still, we have not found the exact data for the
Tg and melting point of PDDA and there has not been any
related data online to compare our results with them. But
after trying multiple times the latest results are as shown in
Fig. 1. DSC graph of PDDA.

Figure 1. DSC graph of PDDA.
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As can be seen, there is a peak around 360°C, which suggests
the melting point. However, usually seeing a melting point
on the DSC should give us a mutual peak on the other side
of the spectrum as the crystallization peak. Since we cannot
see that, we are uncertain to say this is the exact melting
point. Also, Tg usually shows a slight shift. There is a slight
shift around 100°C, but we consider that as water vaporizing
from the polymer since PDDA is super water absorbent, and
this shift changes each time with different samples using.

For further investigation, DMA (Dynamic Mechanical
Analysis) has been used. This technique is usually used

to study a polymer’s viscoelastic behavior by varying

the temperature of the sample or the frequency of the

stress applied to it. The analysis can give two graphs, the
“modulus”, which measures the material’s overall resistance
to deformation and the “tan delta”, measuring the material’s
damping. We can determine the glass transition and melting
point based on these two graphs.

The analysis was done at two frequencies (1 Hz and 10 Hz).
The glass transition is frequency dependent; therefore,

as seen in the Figure 2, the 1Hz and 10Hz modulus graphs
have separated around 250°C. Also, the tan delta signal is
the pointin the transition region where the material has

the most viscous response to deformation. This signal often
shows a distinct peak in the transition region, and the Tg
measured from the tan(d) is simply the temperature at the
peak. As shown in the Figure 3 this peak is also around 250°C
suggesting the Tg of PDDA. Also, on continued heating, the
melting point, is reached around 360°C both in modulus and
tan delta graph suggesting the melting point which is the
same result we seen in the DSC analysis graph.

Figure 3. DSC of PDDA (the tan delta graph).



108

CONCLUSIONS AND FUTURE WORK

From these primary results it can be concluded that the
PDDA has a high temperature melting point, which will
cause problem for the process of our nanocomposite.
Therefore, now we are mainly looking at how to shift these
high temperatures to lower by adding additives to the
polymer.
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