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Abstract: Bacterial flagella are complex multicomponent structures that help in cell locomotion. It
is composed of three major structural components: the hook, the filament and basal body. The
special mechanical properties of flagellar components make them useful for the applications in
nanotechnology especially in nanotube formation. Carbon nanotubes (CNTs) are nanometer scale
tube-shaped material and it is very useful in many applications. However, the production of CNTs is
costly and detrimental to the environment as it pollutes the environment. Therefore, bacterial flagella
have become a highly interesting research area especially in producing bacterial nanotubes that could
replace CNTs. In this review article, we will discuss about bacterial flagellum and carbon nanotubes
in the context of their types and applications. Then, we will focus and review on the characteristics of
bacterial flagellum in comparison to carbon nanotubes and subsequently, the advantages of bacterial
flagellum as nanotubes in comparison with carbon nanotubes.

Keywords: bacterial flagella; bacterial nanotubes; carbon nanotubes; applications of bacterial flagella;
applications of carbon nanotubes

1. Introduction

Bacteria, well known for its diminutive size, typically a few microns in length, were
among the first life forms and the simplest organisms to evolve on earth [1]. Bacteria is
also very useful in many applications, it can be used in the production of useful chemicals,
animal feeds, iron removal as well as electricity generation [2–5]. Bacterial flagella, as a
part of the bacterial cell, is also a very useful component, Bacterial flagella are long, hairy
filamentous organelles that support the locomotion of cells. They aid in the movement of
cells across the surface or in liquids so that cells can travel to and from external conditions.
In certain instances, the cells will move towards favourable environments [6]. The use
of bacterial flagella in various applications in recent years has been a highly important
research among scientists, particularly biologists and biotechnologists worldwide. Some of
the factors contributing to this trend is that it is simple to produce bacterial flagella in a
large quantity and most significantly it is environmentally safe. It is reported by Benita
et al. (2000) that flagella display has been used in peptide display as an alternative to
the phage-display technique. Flagella have also been shown to play a significant role in
bacterial pathogenesis [7]. From here, we could see that bacterial flagella have been used
quite widely among the researchers in different fields.
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Carbon nanotubes (CNTs) are tubes that typically measured in nanometers, consisting
of carbon with diameters. These are structures of cylindrical shape that compose of
carbon atoms, called graphene. There are several types of CNTs, examples included single-
walled nanotubes of carbon (SWNTs) and multi-walled nanotubes (MWNTs). CNTs have
been used in several applications from diverse fields since the 2000s, for example in the
biomedical sector. For therapeutics, CNTs have been used in medicine and pharmacy for
the drug delivery purposes. These have therefore drawn tremendous interest in biological
and biomedical technologies [8].

Recent progress in bacterial flagella research and development as nanotubes makes it
close to carbon nanotubes when it comes to the application part. Carbon nanotubes are very
useful in different fields, but CNT processing can be detrimental to the environment and
very expensive. Work on bacterial flagella as nanotubes, which have the same properties as
carbon nanotubes, is also very encouraging because its processing is both environmentally
sustainable and cost-efficient. This, this review article will discuss about the bacterial
flagellum and carbon nanotubes in the context of their types and applications. Then, we
will focus on the characteristics of bacterial flagellum in comparison to carbon nanotubes
and subsequently, the advantages of bacterial flagellum as nanotubes in comparison with
carbon nanotubes.

2. The Bacterial Flagellum

Bacterial flagella are long hairy structures with complex multicomponents. It is a
complicated structure that has more than 20 distinct proteins assembled and created.
Bacteria may have one, many or even more flagellum [9]. These can be present only at one
end or on both ends of a bacterium or peritrichous, indicating that the flagella can be spread
all along the surface (4). Flagella performs several roles in multiple activities, such as cell
motility, protein and DNA secretion and absorption, adhesion and penetration of the host,
conductance or cellular encapsulation [10]. Besides motility, which is the main function of
flagella, it also participates in the formation of biofilms [9]. Biofilm formation is a crucial
part of bacteria’s lifestyle, as it increases the protection of bacteria against antibiotics and
host defenses [11]. The flagellum is one of the only biological devices that can spin 360◦

continuously, powered by one of the most efficient motors compared to its scale [12]. The
main source of power that drive the motor of bacterial flagellar motor is ion motive force
(IMF). The power is produced by transmembrane electrochemical ion gradient and flagellar
filament rotation to produce thrust and momentum for the cell body to be propelled [13].
Apart from its functions in the field of cell motility and other aspects, the organized
and multi-copy build-up of flagella has led to its biotechnology applications as bacterial
nanotubes, display and secretion tools, molecular motors or therapeutic targets [10]. The
bacterial flagella could be isolated from the bacteria by many methods. However, different
strains of bacteria could have different methods of isolation as to date, there are still lack
of documents or findings which stated the standard method in isolating bacterial flagella.
For instance, the flagella of Methanococcus voltae were isolated by shearing the cells to
release the filaments, which were purified by differential centrifugation and banding in
KBr gradients. Then, the purification of intact flagella (filament, hook, and basal body)
could be achieved by using phase transition separation with Triton X-114 [14].

2.1. Flagellar Structure

The flagellum has a very unique structure and is generally described as consisting of
three main structural components: the hook, the filament and the basal body [15] (Refers
to Figure 1). It is a complex composed of more than 20 proteins [16]. The flagella of
each bacterial species are specifically characterized and appear in defined numbers and at
distinct locations. The flagella pattern is customized and adjusted to make movement of
the cell more efficient within the species’ corresponding environment. Bacteria with polar
flagella, for example, allow them to swim quickly in liquid environments while bacteria
with peritrichous flagella allow them to move easily through more viscous environments
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or across surfaces [17]. The structures of the basal body consist of the MS ring, the C ring,
the protein export apparatus and the rod where the organization of the basal body are well
conserved [6] (Refers to Figure 1). The basal body’s C ring, also known as the flagellar
cytoplasmic ring connects to the MS ring which has a socket-like area where the rod is
anchored [18]. These structures ensure that the flagella which is projected out from the
body of the bacteria can hold firm and be able to perform its functions. Table 1 shows the
types of flagellum and its attributes. Figure 2 shows the visualization of flagella using
phase-contrast microscopy and transmission electron microscope [19].
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Figure 1. Bacterial Flagellum. Figure 1. Bacterial Flagellum.

Table 1. Types of flagellum and its attributes.

Type of Flagellum Characteristics Illustration Reference

Monotrichous
Only a flagellum
extends from one end
of the cell.
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Amphitrichous
A single or multiple
flagella extend from
both ends of the cell.
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Lophotrichous
Several flagella that
extend from one end
of the cell.
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Peritrichous
Multiple flagella that
randomly distribute
over the entire cell.
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2.2. Flagellar Motor

Flagellum is a complex molecular motility machine which consists of a helical pro-
peller, a rotary engine and a universal joint. Given the flagella’s complexity and structural
variation between bacterial organisms, flagella-possessing bacteria often share a specific
rotary nanomachine that is the flagellar engine at the base of the filament. Bacteria swim
using the tiny rotary motors which power helical flagella rotation. It is a highly efficient
rotating machine and is energized by an ion gradient that generated through the bacteria’s
cell membrane [20]. The motor consists of a complex ring of rotor and several units of stator
which serve as a channel of transmembrane proton for conducting protons [13]. The ion
flux would then be transformed into the mechanical function or torque necessary for the
rotation of the motor through an ion channel of each stator device [21]. The engine speed
is determined by the number of stators that are present. The motor speed will improve
if more stators are hired [22]. The number of stators within the engine depends on the
price. A motor can have up to 11 docked stators at heavy or low loads, while the motor
may usually only operate with one stator at moderate loads or high speeds [23]. Flagella
will move and react to surrounding stimulus. The flagella signal transducer will transmit
environmental signals via a cytoplasmic chemotactic signaling pathway to the motor. The
intracellular chemotactic signaling pathways will regulate the direction of flagella-driven
motility in reaction to changes in the environment, allowing bacteria to migrate and transfer
to more appropriate conditions for their survival [13].

2.3. Types of Flagella

There are essentially four distinct forms of bacterial flagellum with separate flagellar
arrangements, namely, monotrichous, amphitrichous, lophotrichous and peritrichous. It is
said that a bacterium is monotrichous if there is only one flagellum extending from one
cell’s end. Amphitrichous bacteria have a single or numerous flagellum that spreads from
both cell ends. Lophotrichous bacteria have several flagella that stretch from one end of the
cell and peritrichous bacteria have several flagella that disperse uniformly throughout the
bacteria cell [24]. Also, flagella can be classified as polar flagella or peritrichous flagella in
a different way. Monotrichous, amphitrichous and lophotrichous flagella are known to be
polar flagella since one or more flagella originate from either or both ends of the bacteria,
whereas peritritichous flagella bacteria have lateral flagella spread along the bacteria’s
cell surface. As the flagella is found in the body, peritrichous flagella is not called polar.
These flagella will move both in clockwise direction and in counterclockwise direction. A
change in the direction of the clockwise will push the organism forward while a step in the
direction of the counterclockwise moves the organism backward. If such flagella spin in
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counterclockwise motion, they can create an assembly that propels the organism in one
direction, Therefore, if any of the flagella falls free and starts to spin in the direction of the
clockwise movement in another movement, the organism will instead be in a tumbling
motion that can contribute to the stationary motion of the organism because it will no
longer travel in any particular direction.

3. Applications of Bacterial Flagella

The mechanical properties of flagellar components such as the basal body, hook and
filament increase scientists’ interest in exploring its applications especially in the field of
nanotechnology as these flagellar components may provide a template for useful atomic-
scale structures. The hook and the flagella filament were well studied particularly with
regard to their layout and functions for both cryo-EM maps and x-ray crystal structures, as
the hook may serve as a universal nanoscale joint whereas the filament can be mechanically
transferred [25]. The structured and natural roles of flagella have contributed to their
biotechnological applications in several areas, such as using them as therapeutic targets,
show and secretion instruments or as molecular motors [10]. Table 2 shows the example of
previous studies about applications of flagella by researchers.

Table 2. Example of previous studies about applications of flagella by researchers.

Application Reference

Biotemplated Nanomaterials for Electronics [26,27]
Templates for Silica Fibers [28]

Nanoswimmers [29,30]
Nanotubes Formation [31]

3.1. Bacterial Flagella as Biotemplated Nanomaterials for Electronics

Biotemplates of bacteria or microbial origin are a modern source of materials used in
the design and manufacture of complex, large surface area structures with great potential
for nanotechnology applications. Such biotemplates are very useful for the synthesis of
nano-structural or micro-structural materials [26].

Bacterial flagella has very unusual structural properties that have been shown to be of
consistency and promising biotemplates, and can be used to build nanomaterials of very
large surface area. The flagella surfaces are chemically modifiable and require to modify
the possession of electrical or electronic products. Their unique and extraordinary physical
properties also render them ideal work systems to enhance nanoelectronics, as there are
many possibilities for manipulation.

Most bacteria possess a variety of fine and unique features such as distinctive nanos-
tructures or microstructures. Enabling the use of these naturally formed specific structures
as biotemplates is thus very useful and helpful for constructing complicated structures
for numerous applications, such as nanoelectronics. Biotemplating is a cost-efficient and
successful method to synthesize dramatically electrical components for microstructures
and nanostructures. Complex and costly processes are not needed in the method, therefore
this biotemplate technology is feasible and suitable for the synthesis of nanomaterials with
large surface area [27]. Table 3 shows the examples of electronics produced by bacterial
flagella.

Table 3. Examples of electronics produced by bacterial flagella.

Electronics References

Dye-Sensitized Solar Cell (DSSC) [27]
Lithium Ion Battery (LIB) [27]

Osteogenic Differentiation Nano-Promoter [32]
Bioactuator and Biosensor [33]
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3.2. Bacterial Flagella as Templates for Silica Fibers

Silica fibers are fibers that made of sodium silcate or water glass. It is often also named
as aluminosilicate fibers [34]. They are normally used in heat protection and in packings
and compensators.

aFlagellum is a self-assembled nanotube framework from a large number of a subunit
named flagellin. Genetically modified may be the solvent-exposed domain of growing
flagellin on the flagella, and therefore an external peptide can be genetically integrated into
the flagellin domain, resulting in the high-density presence of this external peptide on the
surface of the flagella.

Genetically modified flagella may be removed and used as models on the surface of
the flagella to form silica sheaths where double layered silica or flagellar nanotubes are
made. The flagella templates inside the silica or flagellar nanotubes are then extracted by
calcinating the nanotubes to generate silica nanotubes at a high temperature of 550 ◦C. It is
shown that silica-flagella nanotubes can be used for selective coating of gold nanoparticle
on nanotubes. Flagella may also show various peptides, resulting in specific morphologies
of the silica nanotubes [28].

3.3. Biotemplated Bacterial Flagellar as Nanoswimmers

Nanoswimmers are a device that attached with nanomotor that work under the
principle of bacterial flagella motion. It is a designed device for biomedical field.

The nanoswimmer uses repolymerized bacterial flagella as a biomineralising nanotem-
plate. Through simulating the behavior of the bacterial flagella engine utilizing continuous
rotating magnetic fields, it would demonstrate the swimming properties of this silica-
templated flagella and the capacity to control its trajectories wirelessly. The templated
nanotubes can be generated with distinct helical geometries utilizing various alkaline
pH values to correct the polymorphic structure of the flagella templates. Porous hollow
biotemplated nanoscale helix from bacterial flagella which can serve as robotic swimmer
with a low number of Reynolds.

These fuel-free nanoscale machines will benefit from numerous fields of the medical
industry, including delivery of drugs, biopsy and precision nanosurgery of diagnostic
research [29]. It is shown that the bacterial flagellar nanoswimmer may be a cost-effective
solution to existing helical nanorobots development methods [30].

3.4. Mineralization of Bacterial Flagella for Nanotube Formation

Nanotubes are organic or inorganic, self-assembled sheets of atoms organized in tubes
of single-walled or multi-walled structures. They are nanometers in size and have a large
internal volume [35]. Nanotubes are a very distinctive class of materials as their properties
depend not only on their compositions but also on their geometry [36]. Bacterial nanotubes
are nanotubes shaped by bacterial flagella. These are membranous intercellular bridges
which bind nearby neighboring cells [37].

Bacteria-isolated flagella can be used as a basis for the creation of bacterial nanotubes,
rendered and achieved by developments in the production of ceramic film at low temper-
atures. This method will be carried out using the Titanium dioxide chemical compound,
TiO2. Through aqueous water, TiO2 is precipitated on the surface of the bacterial flagella.
This method is less cumbersome and more beneficial than other methods of mineralization,
as the method does not involve genetic alteration of the bacterial flagella. Additionally,
mineralization is carried out at low temperatures in aqueous solution, which in turn will
greatly minimize development costs [38]. Figure 3 shows the mineralization of bacterial
flagellum.
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Bacterial nanotubes may be used in multiple uses, for example in the production of
medicines, semiconductors and more. It is an excellent alternative for carbon nanotubes,
because it is both environmentally sustainable and cost-efficient.

4. Synthesis of Nanotubes from Bacterial Flagella

Bacterial flagella are self-assembled protein nanofibers which are highly prospective in
synthesizing nanotubes to replace the carbon nanotubes that are now widely used in many
areas. Apart from the synthesis of nanotubes using titanium dioxide, TiO2 as described
above, another more extensively studied method of synthesizing flagella nanotubes is
by using silica as the coating. Throughout the phase, bacterial flagella should be used as
a biological template and the resulting nanotubes are the silica nanotubes (SNTs) with
morphologies that are able to be controlled. Under moderate conditions SNTs can be
synthesized in aqueous solutionIn general, as pH ranges from acidic to alkaline, SNTs range
from bundled coiled to typical sinusoidal waves, straight and helical morphologies [39].
The surface features and morphologies of flagella-templated SNTs can be simply adjusted
with pH value or surface chemistry of flagella. SNTs with distinct morphologies such as
smooth, coiled, helical and curly growing be shaped using similar wavelengths based on
various models. Various surface properties can also be collected, such as rough, smooth and
granular SNTs [40]. Overall, bacterial flagella are promising biotemplates for developing a
cost-efficient and environmentally benign nanotubes.

5. Carbon Nanotubes (CNTs)

A Carbon Nanotube is a tube-shaped substance constructed of carbon on a nanometer
scale. The graphite coating behaves like a rolled-up chicken wire with consistent unbroken
hexagonal structures at the hexagonal apexes where the carbon molecules are found.
Carbon nanotubes have several structures which differ in thickness, weight, number
of layers, helicity form and amount. Bacterial nanotubes may be used as metals, or as
semiconductors often used. Therefore, while these bacterial nanotubes are made from the
same graphite layer, their electrical characteristics can differ according to the variations as
described, making this a very promising area to explore [41].

Types of Carbon Nanotubes (CNTs)

There are basically three categories of CNTs based on the number of tubes present in it.
The three types of CNTs are single-walled, double-walled and multi-walled. Single-walled
CNTs (SWNTs) consist of a single layer of graphene folded into itself, with a diameter of
1–2 nm. The duration of the nanotubes can vary due to the various preparation methods.
Double-walled CNTs nanotubes are composed of two condensed carbon nanotubes under
which the outer tube encloses the inner tube and multi-walled CNTs are constructed of sev-
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eral layers of graphene rolling into themselves with diameters of between 2 to 50 nm based
on the amount of usable graphene tubes. Such MWNTs have an average gap of 0.34 nm
across layers [42]. Table 4 shows the types of carbon nanotubes (CNTs) and its attributes.
Figure 4 shows the TEM image of single-walled carbon nanotubes (SWCNT) [43]. Figure 5
shows high resolution TEM images of double-walled carbon nanotubes (DWCNTs) [44] and
Figure 6 shows TEM images of multi-walled carbon nanotubes (MWCNTs) [45]. Figure 4
shows the TEM image of single-walled carbon nanotubes (SWCNT) where the diameter of
the nanotube is about 1 nm.

Table 4. Types of Carbon Nanotubes (CNTs) and its attributes.

Type of Carbon
Nanotubes (CNTs) Characteristics Applications Reference

Single-walled CNTs
(SWNTs)
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6. Applications of Carbon Nanotubes (CNTs)

Due to its unique but similar properties, flexibility in chemistry functionalization
and biological stability, carbon nanotubes have obtained prominence in recent years and
have become a very significant research area particularly for scientists in nanotechnology,
materials science, and electronics. CNTs have evolved into one of the most common pure
carbon materials due to their strong mechanical stability and properties in electric transport.
Carbon nanotubes are essentially cylindrical tubes composed of carbon atoms, which can
be functionalized to conduct their particular functions using various techniques. These
are used in many uses, such as field emitters with large angular current concentrations,
nanoscale bearings, plastic fillers, and even used in semiconductors as component parts. To
date, CNTs have been used as nanocarriers in different areas of biomedicine as they have
demonstrated strong potential to transcend biological barriers as new delivery systems [46].
Specific substances such as antigen, peptide and nucleic acid may be distributed by high-
efficiency CNTs to cancer cells, since they are more stable and functional in biological
applications relative to other nanomaterials or nanocarriers. In addition, CNTs may also be
used in thermal ablation and delivery of drugs, since they can join cells and are independent
of the functional group and cell form on the CNT surface [47]. The large surface area of the
CNTs may provide several sites for the attachment of specific molecules, allowing flexible
derivation [48]. There are also chemically stable CNTs that have the biocompatibility
potential with the biological world. This material’s actions may be influenced by the degree
and form of CNT functionality, as it has features such as high interfacial area with cell
membrane that can combine several functionalities [49]. With all these features of CNTs,
such as compatibility in biological fluids, these make CNTs a useful tool for diagnosis and
therapeutic usage [50].

6.1. Electronic Devices Using CNTs

Semiconducting single-wall carbon nanotubes (CNTs) were used in the electronic
industries for almost two decades. This is because it has all the required properties to
be used in the generation of electronic devices, such as in electrical, chemical, thermal
and mechanical applications. It could be shown from one of the very earliest electrical
instruments to the latest introduction of the first CNT unit, the CNT field-effect transistors
(FETs) [51].

Mechanism used in mobile product production may be complicated. Atomic Force
Microscope (AFM) enables nanotubes to be cut into shorter parts using regulated voltages
applied to the tips of the Scanning Tunneling Microscope (STM) [52]. This is very useful in
the invention of electronic devices as shaping and modifications of nanotubes is possible.

CNTs have been used in many laboratories and factories to build nanodevices and
also used to enhance the properties of electronic devices such as metallic wires, sensors,
displays and more [53]. It also invents and manufactures nanotube devices that could be
useful in circuits of nano-scale, molecular machinery and other nanoelectrical materials [42].
Examples of scientific data indicate that CNTs can bear current at higher densities than
metals, rendering CNTs an alternative to metal devices [54]. CNTs can also be used as a
Field Effect Transistor (FET) and voltage inverters [55]. In addition, the exterior layers of
arc-discharged-made MWNTs may be stripped until the required electronic properties of
the outer shell are reached [56]. Blase et al. (1999) have experimented on a related theory
and showed that the electronic properties of CNTs inside polymeric materials can be used
to achieve desirable electrical applications [42]. Figure 7 shows the application of carbon
nanotubes: polymer composites in electronics.



Sustainability 2021, 13, 21 11 of 23
Sustainability 2020, 12, x FOR PEER REVIEW  11 of 24 

 

Figure 7. Application of Carbon Nanotubes: Polymer Composites in Electronics. 

6.2. Sensors Using CNTs 

Sensors are essential devices  for detecting and are now  commonly used  in numerous  fields, 

particularly  in  the biomedical  sector. Through adding CNTs onto  them,  the performance of  such 

biosensors may be improved. 

The basic procedure involved is the usage of materials for gas detectors such as vapor‐sensitive 

polymers and semiconductor metal oxides [57]. The gas sensing principle is on the gas molecules that 

adsoroped and desorped on the sensing materials; therefore, the contact between the analytes and 

the sensing materials will significantly enhance the sensitivity. The critical criteria for efficient and 

effective gas sensing systems are high sensitivity and selectivity, low analyst usage, quick reaction 

time and recovery time. 

This is demonstrated that specific chemical groups that are bound to the ends of CNTs can be 

detected utilizing chemical force microscopy techniques. Therefore, different types of sensors can be 

constructed using composite pellets of nanotube that are gas‐sensitive. This may also be used to track 

leakage in chemical plants, since it is stated that shifts in the resistance rates of CNTs can arise when 

there is minor shift in the climate. CNTs such as Multi‐Walled Carbon Nanotubes (MWNTs) can be 

used as effective H2O, NH3, CO2 and CO detectors  [56]. Furthermore, by using either SWNTs or 

MWNTs, fast‐responsive and highly sensitive microwave‐resonant sensors can be built for detecting 

NH3 [58]. Other than gas sensing, CNTs can be used as environmentally pressure sensors [42]. It also 

helps in increasing the speed of biological sensors. Figure 8 shows that the carbon nanotube treated 

with capture agent (pink) can detect and bind with the blue‐colored target protein.   

 

Figure 7. Application of Carbon Nanotubes: Polymer Composites in Electronics.

6.2. Sensors Using CNTs

Sensors are essential devices for detecting and are now commonly used in numer-
ous fields, particularly in the biomedical sector. Through adding CNTs onto them, the
performance of such biosensors may be improved.

The basic procedure involved is the usage of materials for gas detectors such as vapor-
sensitive polymers and semiconductor metal oxides [57]. The gas sensing principle is on the
gas molecules that adsoroped and desorped on the sensing materials; therefore, the contact
between the analytes and the sensing materials will significantly enhance the sensitivity.
The critical criteria for efficient and effective gas sensing systems are high sensitivity and
selectivity, low analyst usage, quick reaction time and recovery time.

This is demonstrated that specific chemical groups that are bound to the ends of CNTs
can be detected utilizing chemical force microscopy techniques. Therefore, different types
of sensors can be constructed using composite pellets of nanotube that are gas-sensitive.
This may also be used to track leakage in chemical plants, since it is stated that shifts in the
resistance rates of CNTs can arise when there is minor shift in the climate. CNTs such as
Multi-Walled Carbon Nanotubes (MWNTs) can be used as effective H2O, NH3, CO2 and
CO detectors [56]. Furthermore, by using either SWNTs or MWNTs, fast-responsive and
highly sensitive microwave-resonant sensors can be built for detecting NH3 [58]. Other
than gas sensing, CNTs can be used as environmentally pressure sensors [42]. It also helps
in increasing the speed of biological sensors. Figure 8 shows that the carbon nanotube
treated with capture agent (pink) can detect and bind with the blue-colored target protein.
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6.3. Medical Applications of CNTs

The fields related to medical technology such as cancer treatments, gene therapy and
other innovative life-threatening disease technologies have shown great improvement and
advancement by scientists around the world in recent years. The study of nanomedicine
has thus been one of the fastest-growing areas.

The distinctive features and properties of CNTs have inspired scientists to create new
nanomedicine technologies. It has been proved that CNTs such as SWNTs and MWNTs
have a high potential to serve as more effective alternatives to previous delivery of drugs.
Such CNTs will pass through the cell via membranes, carrying pharmaceutical medications,
nucleic acids and vaccines to the targets of the substrates. They will increase the drug’s
solubility and could contribute to greater performance and protection in shipping the
desired products to desirable destinations. Therefore, they can act in vivo as perfect non-
toxic vessels.

Carbon nanotubes uses in medical sciences, such as in medication and pharmacy,
include drug, biomolecule, cell or organ gene transmission, tissue replication, and detection
and study of biosensors. Overall, CNTs have demonstrated a very promising future
particularly in the medical field [59]. Figure 9 shows the medical applications of carbon
nanotubes.
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6.4. Batteries (Lithium ion Batteries) Using CNTs

A lithium-ion battery (Li-ion) is an innovative battery system that allows use of
lithium ions as a core component in its electrochemistry. It was first commercialized in 1991
and now it is used worldwide for portable devices [60]. Over conventional rechargeable
batteries, lithium-ion batteries have many advantages and their production has been very
rapid in recent years.

Lithium-ion batteries function in a unique fashion. The positive electrode relinquishes
any of the lithium ions that move through the electrolyte to the negative graphite electrode
when charging the device. During this process, energy will be taken in by the battery and
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deposited. When the battery is discharged, the lithium ions travel back to the positive
electrode through the electrolyte which will produce the battery strength. In all situations,
however, electrons move in the opposite direction to the ions along the outer circuit, and
energy is used in the process.

Lithium (Li) is a useful element since, due to its low electronegativity, it has unique
properties which enable electrons to be easily donated from Li. Therefore, it is one of the
main choices for effective battery output. Nevertheless, Li’s high reactivity restricts its
operability as the metal loses its strength. The incorporation of CNTs into Li in battery
manufacturing could address this, as recent work has shown that CNTs should be used
in Li ion batteries [54]. One illustration is by inserting Li ions inside CNTs that allows
Li+ ions to move from the graphic anode to the cathode, so CNTs may have a large
irreversible potential [61]. Calculations were performed to establish the process of charging
and discharging in Li+ batteries. It is proposed that the electrochemical strength of these
batteries may be improved by chemically or mechanically modifying the surface of the
SWNT products. Consequently, other electronics firms have begun to use CNTs as the
electrodes in lithium batteries to increase their energy power and service life [62].

6.5. Carbon Fiber/Multi-Walled Carbon Nanotubes/Epoxy Resin Composite System

Carbon fibers are fibers which consist of graphene interlocking sheets made up of
carbon atoms. Carbon fiber strands are similar to nanotubes, and the fibers are very stiff and
have a remarkably high tensile strength. It has been a popular trend lately to incorporate
CNTs into the surface of carbon fibers to improve the interfacial properties of composites.

The introduction of multiwall carbon nanotubes (MWCNTS) into the composite carbon
fiber (CF)/epoxy resin network is made using basically two methods. The first is to mix
CNTs entirely throughout the matrix (matrix modification) and the second method is to
attach CNTs (interface modification) to reinforcing fibers. Several methods for injecting
CNTs into the fiber surface have been established, such as chemical vapor deposition
and chemical grafting [63]. However, for their low cost and convenience, coating fibers
with a CNT-containing fitting agent has better benefits [64]. Carbon nanotubes or carbon
(CNT/C) composites are promising for light structures that need a combination of high
strength and good conductivity [65]. Such composites have good strength and low degree
of thermal expansion and fatigue resistance [66]. Nonetheless, the efficiency of carbon fiber-
reinforced composites depends on the fiber-matrix interface properties [67]. Carbon fiber
(CF) has outstanding technical properties such as high individual strength and hardness,
good conductivity and corrosion resistance. CF-reinforced resin matrix composites can
be used in a range of applications including turbomachinery, fuel cells and wind turbine
applications in automotive power systems [68].

In general, we may infer that by integrating CNTs into CF/polymer composites,
hybrid CF/CNTS/polymer composites could be developed which boost the mechanical
properties of CF/polymer composites [69].

6.6. High-Performance Electromagnetic-Interference Shielding

Problems of Electromagnetic Interference (EMI) have become a subject of today. This
concern can be exacerbated by the widespread usage of computer and networking equip-
ment in manufacturing, the military and trade, which may influence the activity of certain
technologies as well as human safety [70]. Carbon nanotubes are very useful in electromag-
netic shielding.

Recent work has shown that, due to the synergistic combination of different sources
of carbon, a novel 3D nanostructured material consisting of different types of carbon ma-
terials through covalent C-C bond improves the efficiency of electromagnetic safety [71].
Such special nanostructures of 3D hybrid material, also known as CNT—necklace-like 3D
nanostructures, are created by binding CNTs to carbon spheres by covalent C—C bonding.
Within this structure, the CNTs and carbon spheres or carbon black can function as a
separator which effectively inhibits the stacking of individual graphene sheets, resulting in
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significant improvements in electromagnetic shielding efficiency. The carbon spheres are
smoothly grown on the 3D CNT hybrid nanostructures which load nickel, which act as a
prototype utilizing chemical vapor deposition. These form of carbon spheres possessed
magnetic characteristics and these materials have great advantages in electromagnetic
interference (EMI) applications over single phase carbon nanomaterials for the electromag-
netic shielding effect. The carbon spheres often act as solid welding points in a porous
continuous network backbone consisting of well-connected CNTs [72].

By using such carbon nanotubes (CNTs) or graphene chains, foam systems with a
porosity of up to 96% packed with lightweight carbon materials may be produced to
achieve strong shielding performance (SE) [73].

6.7. Fouling Control and Anti-Fouling Mechanism of Polyvinylidene Fluoride Ultrafiltration
Membranes

The use of carbon nanotubes in the production of composite membranes is known, in
this case, the ultrafiltration membranes of Polyvinylidene Fluoride. However, CNTs had
the dispersion problem for graphene derivatives due to the strong forces [74]. The poor
dispersion of carbon nanotubes and graphene into polymeric matrices can also restrict
the performance of low-dimensional nanomaterial-based composite membranes. Carbon
nanotubes derivatives can be used in fouling the carbon nanomaterials stacking opera-
tion. It has been theoretically shown that single-dimensional oxidized carbon nanotubes
(OMWCNTs) and two-dimensional graphene oxide (GO) have a synergetic impact on
the permeation and anti-fouling efficiency of polyvinylidene fluoride (PVDF) composite
membranes. The addition of OMWCNTs will effectively prevent stacking of individual
GOs.

OMWCNTs can bridge adjacent to GO, in order to prevent accumulation and en-
hance the antifouling efficiency of composite membranes. Through integrating the low-
dimensional carbon nanomaterials into the membrane matrix, it can improve the water
permeability, hydrophilicity and anti-fouling performance of polymer-based nanocom-
posite membranes. It is understood that they may create a co-supporting network by
integrating two nanofillers, such as carbon nanotubes and graphene derivatives, which pro-
tects tube fillers from damage and fracture during platelet geometry processing, resulting
in improved properties [75]. Thus, by mixing one-dimensional oxidized carbon nanotubes
(OMWCNTs) and two-dimensional graphene oxide (GO) resulting in a strong synergistic
effect between the two materials, this will result in a superior ultrafiltration membrane
with improved anti-fouling performance relative to the membranes modified by either
OMWCNTs or GO. Overall, it can be inferred that by reducing the stacking effect and
accumulation of low-dimensional carbon nanomaterials, the problems that obstruct future
applications for carbon-based composite membranes can be overcome. In this scenario,
it can be done by merging OMWCNTs and GO to achieve better efficiency of composite
PVDF membranes [76].

7. Characteristics of Bacterial Flagella in Comparison with Carbon Nanotubes

Bacterial flagella have been used as components in the manufacturing of nanotubes in
recent studies, this is owing to the evidence that bacterial flagella is closely connected to the
nanotubes that are currently commonly utilized in factories, the carbon nanotubes. Bacterial
flagella’s features and properties are fairly similar to carbon nanotubes in such a way that
it gives the bacterial flagella the ability to be used as components in the manufacturing of
nanotubes, which may often be called bacterial nanotubes. The length of bacterial flagella
is around 5 to 20 µm [77]. While for carbon nanotubes, specifically the 3 main categories,
SWCNTs, DWCNT and MWCNTs, the length are normally around 5 to 30 µm [42]. The
length of both bacterial flagella and carbon nanotubes are close to each other and therefore
there is no issue in using bacterial flagella in the fabrication of nanotubes. However, the
length of carbon nanotubes varies depending on the preparation method [42]. It can vary
from as small as nanometer (nm) all the way to centimeter (cm) [78]. The production of
bacterial nanotubes may therefore be regulated by the period used by the manufacturing



Sustainability 2021, 13, 21 15 of 23

phase. It is shown that a single bacterial nanotube may stretch within 15 min to a length
of about 15 µm. After 50 min it could achieve an average overall length of 40 µm and
gradually after 70 min the development of bacterial nanotube achieved a total length of
57 µm with a corresponding surface area of 9 µm2 [79]. Bacterial flagella is known to be a
viable alternative for biotemplates due to its unusual natural properties, such as tubular
structures of length that could be controlled [27]. This indicated that the bacterial flagella
can be manipulated in the fabrication process of bacterial nanotubes to achieve desired
lengths just as the length of carbon nanotubes that could be manipulated accordingly by
using different methods of preparation.

The diameter of bacterial flagella is around 10 to 30 nm while for carbon nanotubes,
all 3 main categories are different in diameter. For SWCNTs, the diameter is around 1 to 2
nm, for DWCNTs, it is around 2 to 4 nm and for MWCNTs, the gap is larger as it can vary
from 2 to 50 nm. From here, we could deduce that all the diameters involved from bacterial
flagella to carbon nanotubes fall in the range of nm. However, in general, the diameter
of bacterial flagella is larger than carbon nanotubes. Nonetheless, Single-walled carbon
nanotubes (SWCNTs) with large diameters (LDs) greater than 3 nm are stated to have broad
applications. In implementations, it has been shown that LD-SWCNTs demonstrate greater
efficiency as a catalyst supply than traditional (small diameter) SD-SWCNTs, MWCNTs
and the industrial catalyst. LD-SWCNTs may also find applications in a broad variety
of fields, including biomedicine and energy industries [80]. Bacterial flagella have been
demonstrated to be promising bio-templates with its unique structural properties and
can be exploited to build nanomaterials such as bacterial nanotubes [27]. In this context,
bacterial flagella which have bigger diameter than the commercial carbon nanotubes could
be an advantage for the fabrication of LD-SWCNTs that are beneficial in a wide range of
applications. Jo et al. (2012) reported that by using repolymerized Salmobella typhimurium
flagella as a bio-template, a simple hydrolysis and condensation process could facilitate
controllable growth of silica nanotubes. Results from the study showed that the thickness
of silica-mineralized flagella nanotubes (SMFNs) can be regulated across a broad range
by adjusting the structural conditions, including the concentration of tetraethoxysilane
(TEOS) and the reaction time. This should be achieved to achieve a thicker coating of silica
by increasing the TEOS concentration ratio and the reaction time. The effectively produced
SMFNs not only exhibit the intrinsic tubular flagella structure but can also be modified
by changing the silica shell thickness to match the required requirements [81]. Figure 10
shows the thickness analysis and SEM images of SMFNs [81]. Figure 11 shows the TEM
image of the SMFNs [81].
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Figure 11. TEM image of the SMFNs, gelation aging time of 15 min, and TEOS 2 µL, showing the dense silica coating on the
external surface of the flagella. The hollow inner channel of the flagellum with uniform diameter was observed as a white
line indicating that the synthesized SMFNs retain the natural tubular flagellum structure [81].

The structure of bacteria flagella is called the axial structure which consists of three
major parts, the basal body, the hook and the filament [25]. The filament is a hollow tube
composed of up to 20,000 subunits of a single flagellin protein [10]. Carbon nanotubes are
generally cylindrical in shape with hexagonal lattice helicity. The nanotubes are loops or
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tubes structured in a triangular lattice with dimensions of ≈1.7 nm. For DWCNTs and
MWCNTs, the tube-tube distance ≈ 0.314 nm [82]. Carbon nanotubes are long and thin
hollow fibre-like nanomaterials composed of a single, double or multiple layers of rolled
graphene [83]. By comparing both bacterial flagella and carbon nanotubes, both possess
hollow core and hence bacterial flagella are suitable to be used as the materials for the
fabrication of bacterial nanotubes. Wang et al. (2008) note that because bacterial flagella
exists naturally in hollow nanotubes, the resulting hybrid materials are supposed to be
double-layered nanotubes that can be used as an alternative to DWCNTs [28].

The bacterial flagellum is a locomotive organelle that includes a membrane-embedded
nanomotor that rotates long helical filaments. Flagellar filaments are natural protein nan-
otubes with an outer diameter of 23 nm, which can raise to 20 µm [84]. This indicated
that flagellum has extraordinary mechanical properties as it is extremely rigid and has an
elastic modulus estimated at around 1010 N/m2 [85]. Therefore, they possess remarkable
durability and stability. The elastic modulus of SWCNTs, DWCNTs and MWCNTs are ~1
TPa, ~800 GPa and ~0.3–1 TPa respectively (1 TPa = 1012 N/m2). Though it is obvious that
CNTs have higher elastic modulus compared to bacterial flagella, however, it is believed
that during the fabrication of bacterial nanotubes from bacterial flagella, the modification
of bacterial flagella through a series of processes would enhance its elastic modulus. Leung
et al. (2011) has characterized bacterial nanotubes made from Shewanella oneidensis and
showed that they have enough mechanical strength (elastic modulus ~1 GPa) to be used
as a building block for construction of electronic devices [86]. Bacterial flagella has also
been found to have the properties to function as active nanostructures. Through adjusting
the helical handling and pitch, they may dynamically respond to the atmosphere in reac-
tion to different external stimuli such as environmental, biological, electrical, mechanical,
and optical stimuli; this is called polymorphic transformation. These properties make
notable stability and durability of flagellar filaments which enable them to withstand high
temperatures (up to 60 ◦C) and extreme pH (7 ± 4) [87]. Therefore, all these remarkable
characteristics or properties of bacterial flagella gave a significant value to bacterial flagella
itself in the fabrication of bacterial nanotubes.

The tensile strength of bacterial flagella is around 3.5 pN/µm2 (Pa) while for SWCNTs,
DWCNTs and MWCNTs, the tensile strength is 50–500 GPa, ~30 GPa and 10–50 GPa
respectively. Scientists believe that bacterial nanotubes can be developed into instruments
that are usable in water and moist environments [88]. To achieve this, the tensile strength
of bacterial nanotubes has to be high enough so that it could withstand the water resistance.
Tensile strength has a close relation with elastic modulus. Elastic modulus defines a
material’s elasticity, which is the relation between a material’s deformation and the strength
used to deform it. Tensile strength is maximum stress valuethat a material can withstand.
As it is proven that the elastic modulus of bacterial flagella could be enhanced during
the fabrication of bacterial nanotubes, hence, it could also improve the tensile strength of
bacterial flagella through a series of processes involved during the fabrication of bacterial
nanotubes.

The electrical conductivity of bacteria is around 35 to 350 ohms/cm3 while for CNTs,
it is around 106 to 107 S/m. Tan et al. (2016) demonstrated that microbial nanowires
can be modified using genetic and protein engineering. Different ligands (metals) can
be attached to the microbial nanowires that are able to help in modulating its electric
behaviour and eventually, increase its electrical conductivity significantly. In a recent study
by Tan et al. (2016) has shown that, by replacing C-terminal phenylalanine and tyrosine of
PilA (protein) with tryptophan in Geobacter sulfurreducens microbial nanowires, it could
decrease its diameter by half and increase its conductivity by ~2000-fold [89]. In this
context, Geobacter sulfurreducens microbial nanowires have been modified to have better
conductive and adhesive properties. In addition to thorough biochemical and electrical
characterization, the detection of new microbial nanowires containing microorganisms
that contribute to the development of microbial nanowires is essential. This would help
to classify the most appropriate microbial nanowires for different functional applications
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in the bioenergy and potentially biotherapeutics sectors [90]. In another case, Gorby et
al. (2006) demonstrated that Shewanella oneidensis MR-1 produces electrically conductive
nanowires (a wire made from nanotubes) in response to O2 limitation. In an earlier report,
the scanning tunnelling microscope (STM) results confirmed that nanowires produced by
MR-1 are efficient electrical conductors [91]. The discovery of bacterial nanowires and the
description of the electron transfer components needed for electrical conductivity make
important strides in understanding the processes involved in the movement of bacterial
nanowires electronically [92]. Table 5 summarizes the characteristics of Bacterial Flagella in
Comparison with Carbon Nanotubes.

Table 5. Characteristics of Bacterial Flagella in Comparison with Carbon Nanotubes.

Charac-
teristics/Attributes

Bacterial Flagella/(as
Nanotubes)

Single-Walled
Carbon Nanotubes

Double-Walled
Carbon Nanotubes

Multi-Walled
Carbon Nanotubes References

Length 5–20 µm
Vary depending on
preparation method.
Normally 5–30 µm.

Vary depending on
preparation method.
Normally 5–30 µm.

Vary depending on
preparation method.
Normally 10–30 µm.

[42,77]

Diameter 10–30 nm 1–2 nm 2–4 nm 2–50 nm [42,77]

Lattice Structure

Axial (hollow)
structure consists of

three major parts, the
basal body, the hook

and the filament.

(Cylindrical and hollow) hexagonal lattice helicity
Nanotubes: ropes, tubes arranged in triangular lattice with lattice
parameters of a ≈ 1.7 nm and tube-tube distance ≈ 0.314 nm (for

DWCNTs and MWCNTs)

[25,82]

Elastic Modulus 1010 N/m2 ~1 TPa ~800 GPa ~0.3–1 TPa [82,93]

Tensile strength 3.5 pN/µm2 (Pa) 50–500 GPa ~30 GPa 10–50 GPa [82,94,95]

Electrical
Conductivity

35–350 ohms/cm3

(bacteria) 106 to 107 S/m [96,97]

8. Advantages of Bacterial Flagella as Nanotubes in Comparison with Carbon
Nanotubes

Bacterial flagella have been highly suggested by researchers in this field to be used
as an alternative to carbon nanotubes in many fields. From the discussion as above, it is
believed that bacterial flagella have advantages over carbon nanotubes in some extents.
In short, we can conclude that both bacterial flagellum and carbon nanotube are basically
hollow tube with certain lengths. Their characteristics in terms of structure, elastic modu-
lus, tensile strength and electrical conductivity are highly relatable to each other as well.
Therefore, bacterial flagella are said to be suitable for the fabrication of bacterial nanotubes
that act as an alternative to carbon nanotubes. Table 6 summarizes the advantages of
bacterial flagella as nanotubes in comparison with carbon nanotubes.

Table 6. Advantages of Bacterial Flagella as Nanotubes in Comparison with Carbon Nanotubes.

Bacterial Flagella as Nanotubes Reference Carbon Nanotubes Reference

The capability to mass produce
biomaterials of uniform size, cheaper

production cost
[27] The production is

relatively expensive. [98]

Precise structure and lower cost of
production, therefore, lower cost in

implementing the technology.
[27]

Expensive to
implement this new

technology in
replacing the

previous technology.

[98]

Surface modification functionality. [27]
Most researchers do
not understand how

CNTs work.
[98]

Environmentally Friendly. [27] Environmental Risk. [98]
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9. Concluding Remarks

This review article has thoroughly discussed on the types and applications of bacte-
rial flagellum and carbon nanotubes. It also critically reviewed on the characteristics of
bacterial flagellum in comparison with carbon nanotubes and subsequently, described on
the advantages of bacterial flagellum as nanotubes in comparison with carbon nanotubes.
Overall, bacterial flagella and carbon nanotubes possess huge potential in the field of
nanotechnology. However, bacterial flagella are a very promising alternative to replace
carbon nanotubes in various field. This can be seen from the aspect of the characteristics
of bacterial flagella which are comparable to carbon nanotubes, from length, diameter,
structure, elastic modulus, tensile strength to electrical conductivity. In addition, bacterial
flagella are also more environmentally friendly and lower cost of production as compared
to carbon nanotubes. Therefore, as a concluding remark, bacterial flagella has a huge
potential to be used as a substance in the fabrication of nanotubes, namely, the bacterial
nanotubes. Nevertheless, further researches should still be carried out to study deeper
on bacterial flagella so that it can be a promising alternative to carbon nanotubes and its
applications could benefits mankind as well as the environment.
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