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Enhancing Oncology with Nanorobotics
Sana Maryam and Soma Samaddar

Department of Chemistry, Lady Brabourne College, Kolkata 700017, West Bengal, India

Abstract

Lung cancer was ranked 6™ among ‘the top 10 global causes of death in 2019° by the World Health Organisation
(WHO), with breast cancer and cervical cancer being the most common among Indian Women. The 2020 cancer death
toll is devastating - approximately 10 million worldwide, with 8.5 hundred thousand in India. Common cancer
therapies have a high failure rate because of various drawbacks - inefficient drug delivery, destruction of healthy cells
around the tumor, and drug toxicity to name a few. The key attributes of efficient cancer management are - early-stage
diagnosis and targeted therapy. Although nanomedicine has already been contributing to mitigate the drawbacks,
advances in nanorobotics show that engineered nanorobots can be used to provide precision and expedition in early
detection, and targeted drug delivery, ergo destruction of only cancer cells, leaving the normal cells alone. These
computer-controlled nanomachines can be injected into symptomatic patients to perform diagnosis and therapy at a
molecular level by sensing and destroying the cancer cells, and once their job is done, they would leave the body via
excretory or respiratory systems. This would also minimize surgeon-patient contact. The application of nanorobotics
in cancer theranostics, simultaneously performing diagnosis and therapy, holds a promising and revolutionized future
of healthcare with an improved cancer survival rate. This review aims to outline the design, mechanism, applications
in cancer diagnosis and therapy, and future outlook of nanorobots.

Keywords: Nanorobotics, Nanorobots, Cancer Therapy, Cancer Diagnosis, Propulsion

1.Introduction

Although the term ‘nanotechnology’ was coined late in 1974, by Norio Taniguchi [46], the birth of its
concept dates back to the year 1867, when James Clerk Maxwell proposed Maxwell's demon, a thought
experiment, in which a submicroscopic entity could handle individual atoms and molecules [44]. Later in
1959, in his lecture ‘There's Plenty of Room at The Bottom’, Richard Feynman introduced his friend and
doctoral student Albert Hibbs' idea of the possibility for a relatively small machine to act as a mechanical
surgeon, by putting it into the blood vessel, and this way one could “swallow the surgeon” [57]. In 2016,
Jean-Pierre Sauvage, Sir J. Fraser Stoddart, and Bernard L. Feringa jointly received The Nobel Prize in
Chemistry “for the design and synthesis of molecular machines”. They had developed molecules with
controllable movements, which could perform a task when energy was added [50].

Nanorobotics is the engineering of nanorobots - devices ranging in size from 0.1 to 10um, made up of
nanoscale or molecular components [78]. These nanorobots work at the molecular level and have high
positional accuracy by navigation network [24]. Due to their size, much smaller than human tissues, they
can easily traverse through the human body as bloodborne devices and can be of great benefit for medicinal
purposes [60][65][4].

The normal cell cycle involves cell growth and cell division to form new cells when the body requires them,
and once the cells get old or damaged, they die. Cancer is a medical condition that arises when the normal
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Fig 1. Comparative study of sizes of various objects in metre scale [45].

cell cycle is broken due to uncontrolled growth and multiplication of abnormal or damaged cells, which
then invade or spread to other body parts as malignant tumors via metastasis. Cancer is one of the leading
global causes of death [27]. Conventional therapies involve radiation, chemotherapy, surgery, which leave
severe side effects within the patient's body and also have a high treatment failure rate due to late diagnosis
[76][35], multidrug resistance [62][58][23][76], and instability of anticancer drugs, made of biological
agents, in vivo circulation as they degrade and inactivate before reaching the target cell [30][71][74].
Nanotechnology offers to combat these drawbacks by providing diagnosis at cellular levels, encapsulating
the anticancer drug into nanocarriers, and targeted drug delivery sparing the normal cells [47]. Once
introduced into the bloodstream, these nanorobots would navigate and reach the target tumor, selectively
releasing the cell-destroying agents to the cancer cells only, causing no harm to the non-cancerous cells.
This would also allow the usage of lower doses of drugs [8]. Disease-specific receptors on cell surfaces
provide useful targets for nanoparticles to recognize the disease at the cellular level and deliver therapeutic
compounds [78][13].

Courtesy - The Scientist.

Fig 2. Picture of a nanorobot for checking blood contents [40][38].
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Nanodiagnostic devices can provide early detection of severe diseases including several types of cancer as
it allows the identification of disease at molecular levels even before the emergence of specific symptoms
[43]. Nanorobots with embedded chemical biosensors can help in detecting tumor cells even at the early
stages of development within the body [11][55]. For example, integrated nanosensors can be utilised in
finding the intensity of E-cadherin signals [20][65]. Autonomous nanodevices, capable of drug
encapsulation and targeted delivery, allow computer-controlled on-demand in vivo release of drugs with
high loading rates, expedition, and precise targeting [37][43]. Nanorobots could purposely deliver drug
molecules to one cell, but not to an adjacent cell, in the same tissue. R. A. Freitas named such drug delivery
vehicles as 'Pharmacytes’ [51][24]. These self-powered, computer-controlled, nanorobots are capable of
precise transport, timing, and targeted delivery of pharmaceutical agents to specific cellular and intracellular
target sites within the human body [54]. The discovery of this cutting-edge technology is of great benefit
in the field of medicine, particularly for more precise diagnosis and efficient therapeutics that will improve
the quality of life [78]. Their durability, faster functionality, capacity of self-replication to replace worn-
out units, and targeted drug delivery directly are extremely advantageous for cancer treatment [42].
However, their development imposes quite a few challenges that need more research such as drug loading
capacity and drug delivery at the subcellular level, biocompatibility (since different artificial materials will
be introduced into the body) [14][43]. and susceptibility to electrical interference such as radiofrequency
and electromagnetic pulses generated by external sources [15]. Current advances in research focus on
improving the manufacturing of complex molecular machines to achieve high assessment and precision at
the cellular and molecular levels [42].

2. Design and Working

The body of the nanorobots is constructed using carbon in the form of diamond/fullerene nanocomposites
(like carbon nanotube) due to their inert properties and strength. To avoid rejection from the host immune
system, the outside surface of the nanostructures is covered with a passive diamond layer [10][42] and is
made super-smooth [65]. The basic structures of a nanorobot include power source, sensors, actuators,
onboard computers, pumps, and structural support. For biomedical purposes, the nanobot would contain
additional substructures like a payload compartment that would carry the drug, a miniature camera for
navigation, microwave emitters and ultrasonic signal generators that can kill cancer cells without disrupting
the cell membrane, and also destroy arterial plaque, blood clots, and chemotactic sensors to detect and
discriminate between different cell types by specifically recognizing their surface antigens [42]. Ultrasonic
sensors around the body would avoid collision with other nanorobots and also with cells in the blood vessels
[65].

Control and Navigation

Depending on the application, acoustic, light, radiofrequency, and chemical signals may be considered as
possible options for communication and data transmission of nanorobots [3][65].

Internally powered nanorobots can be communicated with the help of chemical sensors that would precisely
guide them to the right location by detecting and following the track of specific chemicals released by the
surrounding tissues. Once the nanobot reaches the target area, a spectroscopic sensor can be used to collect
and analyse samples of the surrounding tissue. Externally driven nanorobots can be guided to the target site
by an operator through the detection of ultrasonic waves and generated magnetic field (magnetic resonance
imaging tracking), or by using radio waves, microwaves, X-rays, or heat. Alternatively, for efficient
navigation, nano cameras can be fitted onto the nanorobots to render the live movement of the device to a
monitor [42].

ISSN 2689-6389 (Print) 9
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Fig 3. Main design features of nanorobots [42].

Propulsion Mechanism

Considering their purpose to navigate through narrow channels of only a few hundred nanometers in
diameter, the design strategy of propulsion mechanism of these nanorobots should take into account
impediments such as low Reynolds number viscous drag and Brownian motion [10][8][29][42][43][5].
Based on their propulsion mechanism, the nanorobotic system can be categorized accordingly.

Chemical propulsion

Chemical propulsion works on the principle of generating energy from localized catalytic reactions, which
in turn is converted into a mechanical motion for the propulsion of the nanorobots [42]. Propulsion in
aqueous media is achieved through gas bubbles or a local electric potential gradient generated from surface
reactions [29]. The first nanorobot driven via chemical reaction was a spherical microparticle coated with
Pt for catalyzing the decomposition of hydrogen peroxide H>O, and generating O, bubbles [43]. PtAu and
NiAu bimetal nanorods generate current via this mechanism [42].

O; : Oxygen bubble H,0,: Hydrogen peroxide
»: Direction of propulsion

© The Royal Society of Chemistry 2014

Fig 4. Schematic representation of bubble propulsion mechanism. The inner surface is coated with Pt to
catalyze H>O, decomposition generating O, bubbles for propulsion [36].
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This propulsion mechanism has few drawbacks such as reduced ability to penetrate tissues and cellular
membrane and toxicity of the solvents [43]. For better precision, and to avoid using chemical fuel, various
other mechanisms are an alternative [36][42].

Physical propulsion

Propulsion via magnetism is inspired by the motions of the natural swimming organism with helical flagella
and can be controlled remotely or wirelessly. This mechanism works on the theory that a uniform external
magnetic field, when applied to a magnetic object, has the ability to rotate the object till it becomes aligned
with the magnetic field, but while the rotation axis of the magnetic field is being modulated, the object can
be moved in different directions. The first microscale magnetic helical robot, with a diameter of 3 mm and
a length of approximately 30-40 nm, was developed in 2007 in Zurich, while the first nanoscale prototype
with magnetic propulsion was developed two years later in 2009. This concept was initially anticipated as
a microrobot with a magnetic head and helical tail, and was named “artificial bacterial flagellum” [18][43].

(v) (iii-iv) *( _________
° INVV\} ¢

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Fig 5. Nllustration of transportation of colloidal microparticles, using individual helical micromachines with a
microholder fabricated together with the helical body, in four stages - (i) approaching, (ii) loading, (iii-iv)
transporting in 2-D and 3-D, and (v) releasing [67].

A more attractive approach to nanorobot propulsion, considering their application in the biomedical field,
would be via ultrasound. This would also help in drug delivery to the brain as it would be able to bypass
the blood-brain barrier [37]. Reportedly, ultrasound-controlled nanoporous gold-based nanomotors were
developed for targeted drug delivery and could trigger drug release around a cancer cell [70].

Light-driven propulsions are of advantage as incident light can be used by itself without the need for
supplementary energy sources, such as chemical reactions. This is based on various mechanisms like (i)
electrophoresis/electrolyte diffusiophoresis where the Coulomb interaction is the dominanting force
between the charged surface of the nanodevice and oppositely charged Debye layer, (ii) In the case of non-
electrolyte diffusiophoresis, the dominant force is represented by van der Waals, dipole, or hard-sphere
interactions, limited only to a few molecule layers. By adjusting the light intensity, speed can be precisely
controlled. Isotropic structures can be used in the designing of the nanorobots to provide them movement
without being influenced by their Brownian diffusion, but just to follow the irradiated light direction
[16][43].

ISSN 2689-6389 (Print) 11
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Biological propulsion

The biological propulsion of nanorobots involves the conversion of chemical energy into kinetic energy by
protein nanomotors that move in a revolution, linear motion, or rotate. Proteins, DNA, and carbon
nanotubes can act as power sources, structural links or biosensors of a nanorobot for medical applications.
Biologically propelled nanorobots can be self-replicated. They have high efficiency and high molecular
recognition specificity. DNA packaging nanomotor found in the Bacillus virus phi29 is reported to be one
of the most powerful nanomotors [42].

Based on the conversion of ion-motive force into mechanical force, intact flagellated bacteria cells are used
as propellers in bacterial propulsion mechanism. For example, Escherichia coli for drug-loaded
microparticles [66][43]. Additionally, the flagellum may also act as a sensor detecting changes in chemical
concentration and temperatures in the surrounding [42]. Because of the pathogenicity of bacteria in humans,
this propulsion mechanism is not very attractive for medical purposes [43].

Séanchez et al. developed Escherichia coli (E. coli) biohybrid microswimmers. E. coli were incubated with
2 um diameter metal-capped (Pt, Fe, Ti, or Au) polystyrene Janus particles [39]. Janus particles are
micro/nanoparticles, the surface of which have two or more different physical properties, that can have at
least two different types of chemistry\on the same particle [22][31]. The motion was propelled via the
bacterial flagella [43].

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Fig 6. Scanning electron microscope (SEM) images of Escherichia coli attached to
metal-capped (Pt, Au, Fe, Ti) Janus particle [39].

Powering and Actuation

Internal powering of nanorobots relies on its inbuilt propulsion system generated by energy-rich molecules,
such as glucose and oxygen [68], through multiple chemical reactions or piezoelectric materials, such as
zinc oxide nanowires [77].

External powering is done via different sources, such as magnetic fields, ultrasound waves, infrared and
radiofrequency radiation. [15][59][32][42]. Radiofrequency-based telemetry procedures have demonstrated
good results in power transmission with the use of inductive coupling. The energy can also be saved in
ranges of ~1 uW while the nanorobot stays inactive, becoming active only when signaled to [65].

Another approach in designing internal powering navigation makes systems makes use of biological
macromolecules capable of undergoing conformational transformations in response to various stimuli

ISSN 2689-6389 (Print) 12
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DNA motors) [28][75], which derives energy from the hydrolysis of biomolecules such as adenosine
triphosphate (ATP) [42].

Application of Nanorobots in Cancer Diagnosis

Nanorobots can be inserted into the body to identify tumor cells [51][44]. Embedded chemical biosensors
on their surface can help detect variations in the surrounding environment's status [42].

Various nanoparticles useful for diagnostic purposes include [2]:

Nanoscale cantilever coated with antibodies to which proteins secreted by cancer cells bind specifically,
causing a change in its physical properties and thereby detecting the disease [2].

Cancer cell
@

® Proteins "
Antibodies

YY%“’%

Binding events

cantilevers
change conductance

© 2016 John Wiley & Sons, Inc.

Fig 7. Schematic representation of detection of cancer cells by nanoscale
cantilevers [2].

Carbon nanotubes as they can act as DNA biosensors. They search for covalently bonded DNA
oligonucleotides, and when hybridization between the probe and target sequence occurs, the voltammetric
peak picks up that change [61].

Quantum Dots linked to antibodies that would create arrays capable of detecting multiple substances
simultaneously. Their photochemical stability and the ability to tune broad wavelengths, make them
extremely useful for bio-labelling purposes [48].

Gold Nanoparticles as they readily get conjugated to antibodies and other proteins due to the affinity of
functional group thiol (-SH) for their gold surface. In addition to spherical gold nanoparticles, gold
nanoshells and nanorods have also been applied for biomarker detection purposes [9][41][73].

An example of a nanodetection system is a nanomotor with the ability to sense intracellular endogenous
miRNA, designed for the detection of breast cancer cell line MCF-7 and cervical cancer cell line HeLa,
based on graphene oxide (GO) coated gold nanowires (AuNWs) functionalized with a dye-labeled single-
stranded DNA (ssDNA) chain. This detection is based on real-time monitoring of possible miRNA-21

ISSN 2689-6389 (Print) 13
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Courtesy - Ocean NanoTech

Fig 8. Breast cancer cell line SK-BR-3 after exposure to Quantum dots [79].

expression within the above-mentioned cells by ultrasound-propelled nanorobots. Once they have
penetrated the intact cancer cells, the dye is released, showing fluorescence. Then depending on the
presence or absence of the target miRNA, the nanorobot obtains an “on/off” sensor, [12]. These nanorobots
can assess the differential endogenous expression of a target miRNA in single intact cells within a few
minutes and are hence more advantageous over other existing miRNA detection methods which are more
time consuming and require greater number of cells [72][43].

Application of Nanorobots in Cancer Therapy

The nanoscale-engineered robots have unique properties such as increased surface area, charge, reactivity,
and other physicochemical properties, which do not exist in other larger-scale medical devices [42]. The
motion of cellular drug carriers towards tissues is random and difficult to control, therefore the autonomous
displacement capacity of nanorobots recommends their use in facilitating targeted transport of the
substances administered in severe diseases, including cancer. [43][72]

Depending on the application area, R. A. Freitas classified these nanorobots as respirocytes, microbivores,
clottocytes, pharmacytes, dentifrobots, chromallocytes, etc. [42][51] of which pharmacytes are drug-
delivery vehicles capable of carrying up to 1 um?® of payload drug stored in onboard tanks [34], which can
be discharged into the immediate extracellular fluid or transported directly into the cytosol using a
transmembrane injector mechanism [52][53]. They are used for delivering drugs, controlling the cell
signals, or/and modifying the intracellular message with a preprogrammed one [42][54]. Once their task is
completed, these pharmacytes can be recovered from the patient via apheresis or excretory pathways
[52][54]. Minimally invasive targeted therapy can be achieved through wireless manipulation and
positioning of drug delivery systems (DDS) [49]. Nanorobots are injected into the bloodstream in one dose
with the target of seeking and destroying the cancer cells sparing healthy ones [1]. Drug-loaded
nanoparticles can be applied for therapy, where the therapeutic agents would adhere to the cancer cell, with
the help of RNA strands located on the surface of nanoparticles, and then release the drug locally [33].
Lipid-like molecules, assembled as nanocapsules, conducted the RNA molecules to the cell cytoplasm [42].

ISSN 2689-6389 (Print) 14
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Fig 9. Schematic illustrations of (A) the “OFF-ON" fluorescent sensing to specifically detect miRNA-
21 in intact cancer cells, and (B) steps involved: (a) deactivation of the dye-ssDNA on the GO-
functionalized AuNWs and suppressing of the dye fluorescence, and (b) fluorescence recovery due to
release of the dye-ssDNA from the motor GO-quenching surface upon hybridization with the target
miRNA. (C) Fluorescence images of an MCF-7 cell (a) before and (b) after 20 minutes incubation
with the ssDNA @ GO-modified AuNWs under an Ultrasound field (with 6 V and 2.66 MHz). Scale
bar, 10 pm [12].

Various materials that can be utilized as nanocarriers for the encapsulation, transport, and release of
therapeutic drugs include [65]:

Dendrimers as a single dendrimer has the ability to carry a molecule for recognizing cancer cells, another
for destroying those cells, and one that would detect the signal of death [69].

Nanoshells with bioactive substances that would specifically bind them to cancer cells [2]. They have a
silica core and the outer layer is metallic, the thickness of which can be manipulated to design beads to
absorb near infra-red light, which would create an intense heat lethal to cancer cells [69].

Liposomes due to their easy preparation, acceptable toxicity, and biodegradability profiles. The drug can
be loaded via liposome formation in an aqueous solution saturated with soluble drug [19].

Polymeric Nanoparticles which include nanospheres and nanocapsules. They can absorb, dissolve,
encapsulate, or covalently link therapeutic drugs to the polymer backbone through a simple ester or amide
bond that can be in vivo hydrolyzed through a change of pH. These are solid nanoscale carriers, made of
natural or artificial polymers, which are generally biodegradable. They are limited by poor pharmacokinetic
properties like the uptake by the reticuloendothelial system (RES) [7].

ISSN 2689-6389 (Print) 15
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Polymeric Micelles as their hydrophobic core can carry lipophilic drugs by solubilizing and physically
entrapping within the core. These have high loading capacity and are biodegradable spherical nano-carriers
that can co-deliver two or more therapeutic substances, simultaneously. The drug is released by eroding the
biodegradable polymers or diffusing through the polymer matrix [17].

Nanoparticles Polymeric micelles Liposomes

o -

5-200 nm 20 nm 40-400 nm
Dendrimers Polymer-drug conjugates

1-10 nm 6-15 nm
© 2010 Elsevier B.V. All rights reserved.

Fig 10. Tllustration of various nanocarriers in current cinicical
studies [21].

Nanocarriers as DDS (5-200 nm) have been thoroughly explored for therapy, with many already being
approved by the Food and Drug Administration (FDA) to treat neurovascular diseases, neurological
cancers, and neurodegenerative maladies [26]. It was demonstrated that anticancer drugs with aromatic
structure, like doxorubicin (DOX), can be loaded directly on the carbon-based DDS via adsorption, with
loading efficiencies up to 200% being reported for this compound [43].

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Fig 11. Time-lapse fluorescent images of ultrasound propelled (6V and 2.01MHz) DOX-loaded
nanoporous Au nanomotor - A: travelling towards a HeLa cell, B: approaching the HeLa cell, and of C:
the nanomotor and the HelLa cell after 15 minutes of NIR irradiation [70].

ISSN 2689-6389 (Print) 16
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Although this method eradicates the need of additional functional groups, the water solubility of these
carriers, and their toxicity, are areas that still need more development. The performance of
bismuth/nickel/platinum-based multilayers tubular microrobots was tested for the same drug, DOX, and
owing to its biocompatibility, bismuth was chosen to cover the microrobots [43].

Recent development towards the DNA nanotechnology domain is the use of DNA origami as structural
components for the construction of nanoscale machines by exploiting the specific interactions between
complementary DNA bases. The DNA nanorobots are rigid constructions with sizes between 10 to 100 nm
[43]. They look like a nanoscale open-ended barrel with two halves connected by molecular hinges.
Molecular payloads can be hosted within the cavity, secured by molecular anchors, and aptamers (short
nucleotide strands with special sequences for recognizing molecules on the target cell) attached on the
outside. These nanorobots exist in on and off conformations - tightly closed in off position, bypassing the
normal cells, and on recognizing the target cell, in the on position, the two halves open up and deliver the
drug payload to that cell [56].

Reportedly, DNA-based nanorobots have been developed to triggercoagulation within the blood vessels of
tumors, causing destruction to the cancer cells through starvation [25]. A tube-shaped DNA nanorobot (19
to 90 nm), made using DNA origami technique, was tailored to deliver thrombin, positioned within its
cavity, specifically into tumor vessels to induce thrombosis for tumor therapy. When applied to tumor-
bearing mouse models, the exposed thrombin activated localized coagulation to selectively block tumor
blood vessels, thereby destroying the tumor [64][43]. DNA nanorobots are able to identify 12 types of
cancer cells [42][56].

Challenges

Nanorobotics in medical application is a relatively newer field and has quite a few challenges that need to
be worked on, before bringing the nanorobots to routine clinical use. It is expensive to design the
nanorobots, and many complications are involved in designing them.

Nanomaterials have large surface area - volume ratio, and are hence more reactive, and have a high rate of
absorption through various organs. Thus, after prolonged use, these have high chances of getting
accumulated in different organs. For example, they may cause inflammation of the alveoli in the lungs and
subsequent cell damage. [24]. The biocompatibility and degradation pathway of materials used require
special attention [43]. Susceptibility of electrical nanorobots to electrical interference, such as
radiofrequency and electromagnetic pulses generated by external sources, is also a limitation [15][42].
Another challenge is to overcome the high viscosity of the fluid at low Reynolds numbers for better
efficiency, which can be achieved by the integration of catalytic nano-materials and processes to decompose
chemical fuels. However, up to the present, hydrogen peroxide has been employed as a fuel which has
limitations due to its toxicity especially for potential applications in biomedicine, and hence there are high
demands on finding more biocompatible fuels. [43].

Conclusion

In 2012, scientists at the Wyss Institute, Harvard University loaded fluorescent-labeled antibodies against
human leukocyte antigens into the nanorobots to make them bind specifically to the cancer cells. Once the
target proteins were detected, the nanorobots would release the payload [56]. In 2017, scientists at the
California Institute of Technology developed a nanorobot out of a single strand of DNA that could pick up
and drop molecules at designated sites [6]. In 2018, scientists at the Indian Institute of Science, Bangalore
designed mobile nanotweezers by combining plasmonic tweezers with magnetically helical nanorobots.
These nanotweezers can trap objects at the nanoscale and reach target objects with control to capture,
transport, and release cargo with expedition [63].
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When applied for diagnosis and therapy purposes, nanorobots can provide precise imaging and controlled
targeted drug delivery. DNA nanorobots can recognize 12 types of cancer cells. These can also be used,
with further research and improvements, to prevent hereditary cancers. As mentioned in the abstract, breast
cancer and cervical cancer are the most common types of cancer found among Indian women. Nanorobots
can help in the early detection of these diseases, and hence would improve the chances of successful
therapy. These would also reduce the surgeon-patient contact.

However, lots of improvements and clinical trials are needed before putting these to medical usage. Current
advances in research focus on improving the manufacturing of complex molecular machines to achieve
high assessment and precision at the cellular and molecular levels, reducing their toxicity and making them
biocompatible. To reduce their toxicity, biological components can be used for their construction.
Biological hybrid systems have recently emerged as alternatives to increase biocompatibility. Self-
propelled nanorobots are also of great interest as they can reduce the need for external propulsions.

Once their limitations are reduced, and they become ready to be put into medical use, these nanorobots can
revolutionize healthcare and have the potential to establish a new era in the diagnosis and therapy of cancer.
Moreover, these nanorobots can also be used in theranostics - a single nanorobot performing diagnosis and
therapy, simultaneously.
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Abstract

Phasins (PhaP) are proteins normally associated with granules of polyhydroxyalkanoates (PHA), a biodegradable
polymer accumulated by many bacteria as a reserve molecule. PhaP has high affinity to hydrophobic materials.
These are actually amphiphilic molecules forming the border between the hydrophobic polymer and the
hydrophilic environment. This property was utilized to develop a low-cost protein production system based on
PhaP fusion protein. Physicochemical characteristics and experimental structure of Phasins are not yet available
in the Protein Databank (PDB). Apart from their structural role as part of the PHA granule cover, different
structural and regulatory functions have been found associated with many of them, and several medical
applications have been developed using phasin protein fusions. Despite their remarkable functional diversity, the
structure of these proteins has not been analyzed except in very few studies. In this work, homology modelling
approach was employed in order to derive structures for these proteins. A comparative modelling software Phyre2
was utilized for this purpose. Expasy’sProt-param server and Cys_rec tool were used for physico-chemical and
functional characterization of the protein. Protein—ligand docking is done here by Hex 8.0.0 software. Some
antibiotics are selected by random selection for preparing the PhaP-ligand-antibiotic complex. It was found that
ceftaroline fosamil has the capability to bind with receptors with very small amount loss of enthalpic energy

Keywords: Polyhydroxyalkanoates, biodegradable, biocompatible, medical field

Introduction

Polyhydroxyalkanoates (PHASs) are naturally produced biomolecules. They are biopolymers in
nature. Generally many bacteria can synthesis these polymers under unbalanced growth and
nutrition condition i.e. presence of oxygen, carbon, nitrogen, phosphorous etc. remains in limit
[1]. Around 30% of them can be synthesized by bacteria in activated sludge, soil and in high
seas. Transgenic plants are also reported to produce PHA[2]. PHAs are structurally simple
macromolecules that accumulate and are reported to accumulate in inclusion bodies or
spherical granules within the cytoplasm. The granules are composed of 98% polymer and 2%
protein [3]. Alcaligenes, Necator, Pseudomonas, Enterobacter, Rhodobacter, Ralstonia and
Cupriavidas — these genera of bacteria are reported to accumulate PHA as intracellular
inclusions [4;5]. Some cyanobacteria also have been reported to accumulate PHAs under
suitable condition [6].Certain genetically engineered plants also have been reported to yield
good amount of PHA [7; 8; 9]. The general formula of PHA is shown in Fig.1.
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Fig 1: The general structure of PHA. R, R1 = Alkyl groups. C;— C;3:X=1 — 4; n= 100 — 30000.

They are biodegradable and biocompatible polymers that are naturally occurring within
organisms and belong to the aliphatic polyester family with nontoxic, piezoelectric,
thermoplastic and water-insoluble nature. Hence, they are well known as 'bio-plastic’ and most
popular for a wide range of usage as packaging materials in packaging industry. It is also used
in food industry, pharmacy, agriculture, medicine, as raw materials for enantiomerically pure

chemicals and in production of paints[10].

PHAs possesses various number of carbons and depending on this it can exist as short-chain-
length PHAs (scl-PHA) having up to 5 carbons in one repeating unit of hydroxyalkanoates,
and medium chain-length PHAs (mcl-PHA) with more than 5 carbons in monomeric
constituents as shown in Table 1. There are reported 100 and more different known types of

PHA monomers [11].

Table 1: Representative examples of PHA Polymers

Chemical Name Abbreviations Side groups Structure
Poly(3-hydroxybutyrate) P3HB Methyl Homopolymer
Poly(4-hydroxybutyrate) P4HB Hydrogen Homopolymer
Poly(3-hydroxyvalerate) P3HV Ethyl Homopolymer
Poly(3hydroxyhexanoate) | P3HHx Propyl Homopolymer
Poly(3hydroxyheptanoate) | P3HH Butyl Homopolymer
Poly(3-hydroxyoctanoate)

P3HO Pentyl Homopolymer
Poly(3hydroxynonanoate) | P3HN Hexyl Homopolymer
Poly(3-hydroxydecanoate) | P3HD Heptyl Homopolymer
Poly(3-hydroxybutyrate- PHBV Methyl/ethyl Copolymer
co-3-hydroxyvalerate)
Poly(3-hydroxybutyrate- P3/4HB Methyl/hydrogen Copolymer
co-4-hydroxybutyrate)
Poly(3-hydroxyoctanoate- | PHBHHx Methyl/propyl Copolymer
co-hydroxyhexanoate)
Poly(3-hydroxybutyrate- PHBO Methyl/heptyl Copolymer
co-3-hydroxyoctanoate
Poly(3-hydroxybutyrate- PHBD Methyl/pentyl Copolymer
co-3-hydroxydecanoate)
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(Adopted from A.J. Anderson, E.A. Dawes. Occurrence, metabolism, metabolic role, and industrial uses of
bacterial polyhydroxyalkanoates. Microbiol. Rev.1990)

Among them, some of PHA including poly 3-hydroxybutyrate (PHB), copolymers of 3-
hydroxybutyrate and 3-hydroxyvalerate (PHBV), poly 4-hydroxybutyrate (P4AHB), copolymers
of 3-hydroxybutyrate and 3-hydroxyhexanoate (PHBHHx) and poly 3 hydroxyoctanoate
(PHO) are available for application research [12 ; 13 ;14;15;].

Generally, synthetically produced polymers are not expensive but their long time existence in
environment creates problem, whereas biopolymers are biodegradable and biocompatible. But
they are relatively expensive. For this reason they are used mostly in special application. It is
expected that, by 2018, the amount of production of biopolymers will grow nearly about 35%
and around $5 billion worth of biopolymers are expected to be produced[16].

Discovery

In 1926, accumulation of Poly(3-hydroxybutryric acid) (P[3HB]), the most well known
monomer among all PHAs, was first discovered in the bacterium Bacillus
megaterium|[17].Then, other constituents of bacterial polyhydroxyalkanoates were reported in
the 1960s and1970s. 3-hydroxyvalerate (3HV) and 3-hydroxyhexanoate (3HHx) were first
identified by Wallen and Rohwedder[18]. Witholt and his colleagues observed the presence of
3-hydroxyoctanoate (3HO) [19] and 3HHx [20] in Pseudomonas oleovoransin n-octane
media. At this stage, copolymer of 3HB and 3HV was reported as the first industrial production
of PHAs and was developed as replacement for petroleum derived plastics. Besides industrial
interest, both P(3HB) and P(3HB-co-3HV) also came to be known as medical biomaterials
[21].

As of now, the research interest is concentrated to identify the characteristic features of
different potential units of hydroxyalkanoates (HA). By the end of 1980s, the research lead to
the discovery of numerous HA components, in which 4-hydroxyalkanoates [22] and 5-
hydroxyalkanoates [23] became popular.

At present, the topic of interest involves large scale manufacture of PHAs via transgenic
approach, products of medical use based on PHA polymers, development and large scale
production of P(3HB-co-3HHx) [25].

Properties of PHA

PHA produced by microorganisms and can be broken down by them. Many types of PHA
exhibit similar properties (thermal and mechanical) of petroleum-based plastics, e.g.
polypropylene [26; 27]

Side chain length of monomer plays an important role to maintain these properties of PHA.
There are some examples: A homopolymer of short side chain length monomers, i.e. Poly-3-
hydroxybutyrate (P{3HB}) with a Tm of 180°C and a Tg of 4°C, exhibits highly crystalline,
stiffness and brittleness,where, Poly-4-hydroxybutyrate (P{4HB}) with a Tm of 54°C and a Tg
of -49°C is a thermoplastic material having tensile strength which is comparable with
polyethylene[28].
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Fig 2: Common PHA monomer structure.

Short—chain—length monomers:3-hydroxybutyrate (3HB), 3-hydroxyvalerate (3HV).Medium—chain—length
monomers: 3-hydroxyhexanoate (3HHx), 3hydroxyoctanoate (3HO), 3-hydroxydecanoate(3HD), 3-
hydroxydodecanoate (3HDD)

(Adopted from Yan Q, Zhao M, Miao H, Ruan W, Song R (2010) Coupling of the hydrogen and
polyhydroxyalkanoates (PHA) production through anaerobic digestion from Taihu blue algae.
BioresourTechnol)

On the other hand, a copolymer consisting of monomers of different side chain lengths, such
as Poly(hydroxybutyrate-co-hydroxyhexanoate) (P{HB-co-HHx]) exhibits pliability and
flexibility [29]. On introduction of a co-monomer into the polymer backbone, resulting in a
heteropolymer, it is seen that the polymer properties are greatly affected thus increasing its
flexibility, toughness while its stiffness becomes decrease.[30].

Naturally PHAs are well known for its biodegradable, biocompatible and exhibit
piezoelectricity which are important for bone growth and making aids for wound healing. As
they exhibit wide range of physical as well as mechanical properties, they are gaining an
attention medical application. Approval of P(4HB) as absorbable suture by the US Food and
Drug Administration (FDA) was the major improvement of PHA usage in medical application
[31].

Most of biomedical applications of PHA depends on their physical properties. It has found that
short chain length PHA (scl-PHA), like - P(3HB),due to hard and brittle in nature, is more
suitable in hard tissue engineering , while middle chain length PHA (mcl-PHA) and its
copolymers, due to elastomeric and flexible nature, are more attractive for application in soft
tissue engineering, like — skin tissue engineering, wound healing, heart valves, cardiac patches
and other vascular applications and controlled drug delivery.

The mcl-PHAs shows a great deal of variety than scl-PHAs. This provides the flexibility
required in manipulating the properties of mcl-PHA to fulfil the requirements of tissue
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engineering. Such as, P(3HO), P(3HHx), copolymers like P(3HB-co-3HHx), P(3HO-co-
3HHx) are being increasingly studied with great interest to develop osteosynthetic materials,
surgical sutures, scaffolds for tissue engineering and matrices for drug delivery[32;33].

But major problem in such studies is the scarcity of these polymers. For this reason, the studies
have mainly focused on the copolymer P(3HB-co-3HHx) and P(3HO) [ 34].

Biodegradation of PHA is dependent on various factors like, microbial activity of the
environment, the exposed surface area, moisture, pH, temperature, molecular weight etc. [35].
It has found that degradation is also affected by the nature of the monomer units. It has also
found that copolymers containing PHB monomer units degrade more rapidly than either PHB
or 3HB-co-3HV copolymers. Hydroxyacids are a type of enzyme secreted by some
microorganisms that break down the polymer into its molecular building blocks. These building
blocks act as carbon source for growth. The activities of these hydroxyacids may vary and
depend on the composition of the polymer, its physical form, the dimensions of the sample,
and the environmental conditions to which it is subjected [36; 37; 38].

Biodegradation products of PHA under aerobic conditions are CO2 and H20O, but in anaerobic
conditions the degradation products are CO2 and CHa. PHAS can tolerate over a wide range of
temperatures, up to 60°C with moisture levels at 55%. Various studies have explained that 85%
of PHAs were degraded in 45 — 50 days [39]. This is also reported that PHA can degrade in
aquatic environments aslo (Lake Lugano, Switzerland) within 254 days even at very low
temperature, around 6°C [40].

Overview of synthesis

There are several pathways are found, those are involved in the PHA formation. Numerous
genes that can encode enzymes which are involved in this process, like phbA, phbBetc[41]. An
overview of PHA synthesis is given in Fig.3. Generally a carbon source is required for PHA
production. Various studies have shown that, biosynthesis of PHA occurs with purified sugars
or edible oils, like, whey, palm oil, sunflower meal [42; 43; 44]. Beside these, usage of waste
glycerol, methanol, methane or CO: as feedstock is also successfully examined [45; 46].Recent
studies are involved in huge production quantity with reducing the production cost of PHA, by
cloning of the PHA biosynthesis genes which are collected from different bacterial source,
allowed the development of recombinant bacteria which gives superior PHA productivity [47].

Use in medical field
In biomedical application, using of PHAs attracts much attention for their biodegradable and
biocompatible properties.

Polyhydroxyalkanoates as Medical scaffolding materials
Scaffolding material for tissue repairing
There are several experiments held with PHB, copolymere of PolyGlycolic Acid (PGA) and

hydroxyapatite, where blends of these materials are used as scaffolds and give successive
results [48:49 ; 50 ; 51: 52].
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PHA biosynthesis pathways
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Fig 3: A schematic diagram of all pathways involve in polyhydroxyalkanoates (PHA) biosynthesis.
The enzymes involved in synthesis pathways for polyhydroxyalkanoates (PHA).

1.beta-Ketothiolase

2.NADPH dependent acetoacetyl-CoA reductase
3.PHA synthase
4. PHA depolymerase

5.Dimer hydrolase

6. (R)-3-Hydroxybutyrate dehydrogenase
7.Acetoacetyl-CoA synthetase
8.3-Ketoacyl-CoA reductase

9.Epimerase

10.(R)-Enoyl-CoA hydratase/enoyl-CoA hydratase |
11.Acyl-CoA oxidase, putative

12.Enoyl-CoA hydratase I, putative
13.3-Hydroxyacyl-ACP-CoA transferase
14.Malonyl-CoA-ACP transacylase
15.NADH-dependent acetoacetyl-CoA reductase
16.Succinicsemialdehyde dehydrogenase
17.4-Hydroxybutyrate dehydrogenase
18.4-Hydroxybutyrate-CoA:CoAtransferase
19.Lactonase, putative

20.Hydroxyacyl-CoA synthase, putative
21.Alcohol dehydrogenase, putative
22.Cyclohexanol dehydrogenase
23.Cyclohexanonemonooxygenases
24.Caprolactone hydrolase
25.6-Hydroxyhexanoate dehydrogenase
26.6-Oxohexanoate dehydrogenase
27.Semialdehyde dehydrogenase, putative
28.Hydroxyacyl-CoA synthase, putative
(Adopted from Williamson, D. H.; Wilkinson, J. F. J. Gen. Microbiol. 1958, 19,198)
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These studies illustrate that tissue engineering using biopolymer scaffolds are possible. Beside
that PHA was succesfully used as graft matrix for neuronal generation after spinal injury in
rats.

Wang et al. in their study had described the usage of PHA as scaffolds for human bone marrow
stromal cells.[53] . This study reveals that, terpolyester of the composition P(HB-HV-HHx)
had stronger cell adhesion, proliferation and differentiation than P(HB-HHx) and polylactic
acid. In an experiment laser-perforated bioldegradable PHA scaffold films were produced [54
1.

The pores of the films of statistical copolymers of P(HB-HV) exhibited micrometer
dimensions, so that, cells were attachedon the film surface and proliferated on the upper surface
as well as through the pores and into the region of the damaged tissue.

Scaffolds that produced from unblended P(HB-CO-HHx) were also give a successful result in
cartilage repair [55]. Scaffolds produced from PHB showed much better tissue implants than
scaffolds of PHA [56].In experiments with stem cells,P(HB-CO-HHx) allows penetration of
stem cells into thapolymerematrix due to the porosity of P(HB-CO-HHx) [57]. Another study
demonestrated that PHB and P(HB-CO-HHx) polymeres were the most biocompatible with
osteoblasts preferring a lower percentage of HHx monomer compared to fibroblasts [ 58 ]. A
recent study[59 Jhas examined geometry of P(HB-CO-HV) for use in tissue engineering.

PHA as surgical material

A study by Shishataskaya and his group, demonstrated that, PHB and P(HB-HV) exhibit the
mechanical strength, and they are suitable for making sutures. This study proved that, if the
sutures were implanted for periods of up to one year they stimulated no supportive
inflammation or necrosis [60].

Recently, use of nerves guide conduit made of P(HB) increased the axonal regeneration and
improved the restoration level of motor and / or sensory function compared with the P(HB)
made conduits[61].

Soft tissue repair

Surgical repair of soft tissues, such as hernias [62], gastrointestinal tract [63], stomachs [64
Jetc has successfully studied. P(3HB) is suitable for soft tissue repairing because of its
mechanical properties and tailorable degradation behaviour. P(3HB) and P(3HB-CO-3HV) are
most favourable in implantation of tissue patches. Some studies have done, where artificial
oesophagus have successfully regenerate within dog, by using P(3HB-CO-3HHx) [65]

Hard tissue repair

Cardiac tissue repair, using of pericardial patch, vascular grafts, Heart valves — these
experiments using by P(3HB), P(4HB), P(3HB-CO-4HB), P(3HHx-CO-3HO) respectively
have get success.[66].
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Drug Delivery Systems

Usage of PHAs as a system for drug delivery is prefers the longest investigated application in
medical and pharmacy research. Xiong and colleagues studied with PHB, copolymers of P(HB-
HHx) and PLA as drug carries. They obtained that a high loading efficiency carriers. They
obtained that a high loading efficiency of around 75% with the PHB homo and copolymer of
P(HB-HHx)[67]. Chaturvedi et al. used blends of PHB with cellulose acetate phthalate (CAP)
in different compositions for drug loading with 5-fluorouracil, an anticancer drug and
investigated the delivery of said drug [68]. It was found in another experiment that, PHB
microspheres that contain 1-(2 chloroethyl)-3-cyclohexylnitrosourea (CCNU), were designed
within 1 to 15 um size range and to be monodisperse with a spherical geometry, had exhibits
much more higher releasing rate of that drug for the PHB microspheres than for similar
microspheres of polylactic acid [69:70]. Another study by Kawaguchi and colleagues [71]
reported that, an antitumor drug, known as 2’,3’- diacyl-5-fluoro-2-deoxyuridine which is
occurred by the microspheres of PHB, with a diameter greater than 100uzm showed low toxicity
and good compatibility in rodents (mice and rates). Therefore, PHB is a good model of polymer
for the future development of anticancer drugs delivery system.

Eldridge and coworkers studied for targeted delivery of vaccines with prepared microspheres
of PHB. The PHB microspheres have show very good absorption [72]in that experiment.

Water soluble polyhydroxyalkanoates

The intrinsic hydrophobicity of PHAs along with their incompatibility when blended with
blended with drugs is making it difficult to use it extensively in medical applications. Though
they are biodegradable, PHAs are superbly stable when remains in unmodified condition and
restricting their therapeutic applications. Thus the need to develop PHAs with desired
amphiphilicity becomes inevitable.

Water soluble PHA polymers have many functional groups such as hydroxyl groups, carboxyl
groups, methylated branches and other hydrophilic derivatives. These functional groups make
possible to functionalize the hydrophobic PHAs into versatile colloidal systems like stimuli-
responsive particles, hydrogels and polyelectrolytes in aqueous solution. Recent

research has focused on PHAs with tunablehydrophilicities. These water soluble monomers
also have therapeutic effect in various diseases, like hypoglycemia, hyperglycemia and
neurodegenerative diseases [73]. This water soluble PHAs will impart some new features in its
emerging medical applications. They include controlled release of chemotherapy, for
DNA/siRNA delivery and in tissue engineering.

Conclusion

As PHA isa potential substitute for non-biodegradable polymers, for this reason it is gaining
serious attention for increased awareness about environmental issue. Generally, synthetic
polymers are designed for long lasting durability and resistance to the environmental factors.
Therefore,synthetic polymers have tend to gather in landfills. Synthetic polymers generally
containshydrolyzable and/or oxidizable groups, with main chain,which are also being
developed due to growing concern for plastic pollution. Whereas, PHAhas proved itself as an
environmentally friendly non-pollutant polymeric material.
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Now a days, very few PHAs are used for large scale production. And a large number of PHAs
have left for more detailed investigation. As a consequence, a major portion of research area
focused on medical applications of sclPHA. Various studies have revealed that surface erosion
is the main cause of sclPHA degradation and makes it a component for drug carriers. The
degradation process of scIPHA, in vitro and in vivo is very slow, probably forits high
crystallinity nature. Thus, there is a possibility to expect much better succsess with the less
crystalline mcIPHA on the market.

Microorganism Fermentaion | Carbon source Product References
conditions
Cupriavidus sp. USMAA2-4 Fed batch Oleic acid (0.82 % | PHBHV [74]
v/v), 1-pentanol
011 % viv)
Mixed culture Two-stage Molasses PHBHV [75]
CSTR
Ralstoniaeutropha DSM428, Fed batch Fructose PHBHV [76]
ATCCI17699, NCIB 10442
P. mendocina CH50 Batch shake Sodium octanoate PHBHVHHx [77]
flask
Methylobacteriumorganophilum Two-phase Methane PHB [78]
CZ-2 partition
reactor
Alcaligeneslatus Fed batch Sucrose P(3HB) [79]
Recombinant E. coli Fed batch Glucose P(3HB) [80]
Pseudomonas Putida Fed batch Oleic acid PHA [81]

Table 2.Some Strains of PHA that are used for industrial needs.

There are many successful investigations occurred with various animal models have explained

that PHA, represented by PHB, PHBV, PAHB, PHO and PHBHHZX, having the biodegradability
and thermo-processibility properties, have used for implant applications , as well asfor
controlled drug release system. Due to increasing demand for different applications, PHA can
be either blended, surface modified or composited with other enzymes, polymers or even
inorganic materials, depending on properties for further adjust of their properties. There are
many possibilities to tailor-made PHA for medical implant applications have shown to have a
bright future as tissue engineering materials as well as tergated drug delivery system.
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Abstract

In the current scenario of energy crisis, new alternatives from biological sources are gaining formidable
potentiality in the field of crisis mitigation. Algae, a photosynthetic eukaryote is gaining a high choice for
bio fuel extraction owing to its abundance in nature as well as cost effective cultivation. However, extraction
of oil from algae is hitting a roadblock because of the utilization of n-Hexane as a non-polar solvent which
is a potential toxic substance. So, alternative of synthetic organic solvents is under investigation which can
have low heat of vaporization, density and viscosity. As a non-polar solvent, Hexane can directly influence
human nervous system by biotransformation with monooxygenase, generating 2,5-Hexadione, which is
neurotoxic and it causes polyneuropathy through axonal degeneration and myelin desheathing.

In this paper, the potential usage of various oil extracts from orange peels as an alternate of Hexane is
discussed.

Keywords: Biofuel, Algae, Hexane, Terpene, Orange Peel

1. Introduction

As non-renewable energy supplies are finite and the demand is increasing relentlessly, only energy
generation from renewable resources can resolve this constraint. The potential for renewables is extensive
with Solar energy, Wind Power, Geothermal power, Hydropower and Biomass representing the most
advanced technological approaches having the largest prospective in near future [1]. Algae are
aquatic microorganisms that produce biomass by using light and carbon dioxide (CO,). In the last several
decades, usage of biomass as a sustainable energy source has piqued global attention. Biomass feedstock is
used continuously to produce biofuels. These are classified into three generations based on the raw materials
utilized in their production. Third generation biofuel is considered as the greatest alternate energy resource
as it is much more energy dense in comparison to first and second generation. However, algae biofuel
extraction has struck a snag due to the need for n-hexane as a polar solvent, which is a potentially toxic
substance. In human research, the major toxic impact of n-hexane is degenerative distal axonopathy in the
autonomic nervous system, which is produced by the main toxic metabolite, 2,5-hexanedione (2,5-HD).
This drawback could well be mitigated using Myrcene, which is available in orange peel extracts and it is
non-toxic as well as highly biodegradable when compared to n-hexane and can be used as a substitute of it.
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2. Energy Crisis

Today’s overpopulation requires a plethora of energy sources, many of which are restricted by the
utilization of fossil fuels, petroleum, gas, carbon and atomic power. We have to keep up to 80% of our
natural energy resources on the earth in order to keep our global average temperature below 1.5 © C-
however, our reliance on these products is widening worldwide. These non-renewable sources pose
major threats to the entire human race, such as drastic pollution and global warming.

Table 1. International Reserve of Basic Fossil Fuels [2].

Total world reserve Annual consumption

Enegy sources Unit Amount per capita 2004 (toe) Last until
Coal 106t 909.064 0.43 2168
Oil Mtoe 162.135 0.58 2041
Gas Mtoe 161.577 0.37 2071

Algal biofuel [3] is a source of energy-rich combustible propellants that may be used as a substitute for
these non-conservative fuels. Algal oil is an alternative to commonly known biofuel sources, such as corn
and sugarcane and provide high yield over them (3™ generation biofuel).

The fuel contains more oxygen than kerosene does, so lowering the amount of liquid oxygen in the mix
might be able to increase its lifting power. Biodiesel is slightly denser than kerosene so that rockets can be
packaged in a single petrol reservoir with greater energy. The fuel is also less inflammable and can be stored
more easily.

3. Biofuel

The term "algae"[4] refers to a diverse group of organisms, ranging from tiny cyanobacteria to massive
kelp, that, like plants, use photosynthesis to convert sunlight into energy. Algae have a genetic diversity of
over 100,000 species. Algae biofuels provide a significant advantage over first-generation biofuels for
scientists who can exploit the numerous distinctive traits of algal species to develop effective biofuels and
bioproducts. There are three types of biofuels available: first-generation, second-generation, and
third-generation biofuels [5]. The main drawback of first-century biofuels is that they come from
biomass as a source of food.

Biofuels made from non-food biomass are from the second generation, although they are still
competing for land with food production. Finally, third-generation biofuels are the finest alternative fuel
option since they do not compete with meals.
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Fig 1. World reserve of Basic Fossil Fuels

Third-generation biofuels have a higher energy density per harvest area than first- and second-generation
biofuels. It's being developed as a low-cost, high-energy, and totally sustainable energy source. Algae can
grow in regions which aren't suitable for first- and second-generation crops, reducing water stress and the
usage of agricultural land. It may be grown in waste water, sewage, and saltwater, such as oceans or salt
lakes. Otherwise, there would be no need to consume water for human use. We require environmentally
safe organic solvents to extract this algae biofuel. As a solvent, we can use n-hexane. FAME conversion is
increased by 94% when n-Hexane is used in a 1:1 volume ratio with methanol. The majority of n-Hexane
is made from petroleum mixtures using fractional distillation and other refinery-based methods. n-Hexane
may also be synthesized from sugar cane waste with the help of some specific catalysts. In sectors such as
textile production, shoe and leather manufacturing, and woodworking, as well as in the printing industry,
n-hexane can be utilized as a special-purpose solvent and degreaser.But n-Hexane is listed as a toxic
substance under Section 313 of the Emergency Planning and Community Right to Know Act (EPCRA)"®
under Title III of the Superfund Amendments and Reauthorization Act (SARA). It is also listed as a
Hazardous Air Pollutant (HAP) in the Clean Air Act Amendments of 1990.

4, Toxicity of n-Hexane

Some organophosphates generate active oxons when N-hexane is transformed to 2, 5-hexanedion.
Sequestration, particularly in plasma lipids, proteins, or body lipids, etc., may act as a "sump" that permits
toxicity or excretion to be released slowly and without causing clinical illness. Toxic effects may occur if
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the retention level exceeds the frequency of sequestration, liver, and elimination. Despite the modest
quantity of toxin, persons with impaired hepatic or renal function are clearly at a higher risk of developing
clinical signs of poisoning.

Inhalation of hexane/5000 ppm at 10 minutes, leads to severe nausea: 2500-1000 ppm over 12 hours, results
in somnolence, fatigue, appetite decrease, distal paraesthesia. In addition, it creates musculoskeletal aches,
frosted pulsation, flushing eye sight, headache, anorexia and polyneuropathy. A variety of federal rules
regulate the disposal of trash containing n-hexane.

5. Case Studies

5.1 N-Hexane Intoxication in a Chinese Medicine Pharmaceutical Plant: A Case Report 7]

5.1.1  Background

n-Hexane is a well-known neurotoxicant [8]. Polyneuropathy due to exposure of occupational n-hexane has
been reported worldwide. This case was reported in Chinese herb industry.

5.1.2  Case Presentation

5.1.2.1 Clinical Course

After 10 months of working as an operator at a Chinese medicine pharmaceutical plant to produce Chinese
herbal pain relief patches. a 25-year-old Asian man experienced progressive weakness and numbness in his
hands and legs. At first, he experienced numbness in his right hand. The numbness and weakness spread to
all four limbs within 8§ months. In the subsequent 2 months, he faced difficulties in using chopsticks,
ascending stairs, jumping, and running because of weakness. He denied alcohol consumption or prescribed
drugs.

5.1.2.2 Workplace Investigation

For the past 18 months, it was observed that he had been working in the mixing room to prepare the herbal
ointment of the patches. He used to work with bare hands for the fear that the gloves might drop into the
stirring barrel tank and he seldom used the respiratory protective mask at work because the room was
extremely hot and stuffy. His first task was to pour n-hexane-containing solvents into a barrel tank
containing the Chinese herb extract and gel in order to form a gluey ointment. His next task was to take out
the mixture and to separate it into trays. Before the next cycle, he had to clean the mixer tank by using a
rag dipped in a solvent containing n-Hexane. The n-Hexane-containing solvent was stored into buckets
without any label or a lid. The daily use of the solvent was approximately 180 liters.

5.1.3  Discussion

Demyelination with axonal degeneration was strongly suspected due to the exposure of occupational n-
Hexane. Through the workplace investigation of the patient, the ambient n-hexane concentration in air was
found to considerably exceed the permissible exposure limit/time-weighted average for n-hexane in
Taiwan. His symptoms were gradually relieved after 4 months of cessation of exposure to n-hexane. Then
he was confirmed as a case of occupational n-hexane intoxication.

n-Hexane exposure in Chinese pharmaceutical plants could be an increasing concern that may affect
workers’ health due to a lack of information regarding solvent control. This case has serious educational
consequences for occupational health and must be followed up to improve hazards control.

5.2 Chinese workers link sickness to n-hexane and Apple iPhone screens: a case report[9]

5.2.1  Background

Over exposure of n-Hexane can cause extensive damage to human brain and body. It is a case of a Taiwan-
owned giant company named Wintek, renowned for having many well-

known brands. This company's employees were affected by using n-Hexane to clean apple ~ components
including iPhone touch screens.

5.2.2  Case Presentation
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5.2.2.1 Clinical course

Amid the usual hoopla as it was announced that Apple would formally announce its new device:

the much-awaited iPhone 4G, Bai Bing, a young worker wanted customers to look beyond the polished
surfaces of such devices. She was one of the young workers who got poisoned by the chemical n-Hexane.
Bai Bing spent months in an eastern Chinese hospital. At first, she thought she was just tired from long
working hours at Wintek. Then gradually it became serious. She found it was very difficult for her to go
upstairs and she didn’t have enough strength to get up if she squatted down. Her hands became numb. She
added,” I would fall over if someone touched me”. By summer, she was hospitalized, where doctors had
trouble diagnosing the cause. "I was terrified. I feared I might be paralysed and spend the rest of my life in
a wheelchair," she said.

5.2.2.2 Workplace Investigation

Wintek Manager decided to use n-Hexane instead of alcohol because it dried more quickly. Workers
disliked the pungent smell of n-Hexane but they didn’t have any idea that it might affect their health. During
investigation when they were asked what products they were working on, three of the affected Wintek
employees answered they were working for Apple. They immediately recognized an iPhone’s pictures and
said they were cleaning touch screens.

Bai Bing was using n-Hexane directly and that's why she was the worst affected one. And the other workers
from the same room also felt headaches, dizziness and weakness, and pains in their limbs. Some believe
that, before realizing what was wrong, many of the workers left Wintek after getting sick.

5.2.3  Discussion

Over-exposure of n-Hexane can cause serious damage to the peripheral nervous systems and eventually the
spinal cord, causing muscle weakness, atrophy and even paralysis, said
Paul Whitehead of the UK Royal Society for Chemistry, a specialist in toxicology. Male fertility may also
be affected. This can take a year or more to recover.

Apple refused to answer questions about the poisonings or the firms involved. But, after this incident
Wintek replaced the factory’s general manager and stopped using n-Hexane. It has notified that it will
tighten new chemical procedures and it will also conduct medical checks for the
workers whose jobs can be risky in advance.

6. Alternative of n-Hexane

Green solvents like terpenes have some capacity as a substitute for standard solvent solutions. However,
owing to its elevated vaporization heat, freezing temperature, density, and viscosity, the scalability of the
method is limited.

By using citrus fruit extracts, these issues can be prevented. The essential constituents of orange  peel oil
include terpenes such as (carveol, carvone, menthol, perillyl alcohol and perillaldehyde). Citrus, in addition
to providing an ample supply of vitamin C, folic acid, potassium, and pectin, contains a host of active
phytochemicals. If we use orange peel extract as an organic solvent instead of n-Hexane the advantages
include immensely influential factors:

. High energy content

. Pollution free fuel

. Easily available

. Low cost

. Feasible
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Solvent n-Hexane d-Limonene a-Pinene p-Cymene
Chemical Structure N e

Molecular formula CeHia CioHie CioHie CioHis
Molecular weight (g-mol ") 86.18 136.23 136.24 134.22
Density 25 °C (g-cm ) 0.675 0.834 0.879 0.861
Flash point (°C) -23 48.3 32 47.2
Boiling point (°C) 69 176 155 176
Viscosity, 25 °C (Cp) 0.31 0.83 1.32 0.83
Enthalpy of vaporization (kJ-mol ") 29.74 39.49 37.83 39.34
Surface tension, 25 °C (dyne-cm D) 20.3 258 253 28.5
Dielectric constant, 20 °C 1.87 2.44 2.58 2.34
ljanscr“n:Solulxmzlny Parameters 73 3 79 8.1

8" (cal'“-em )

8y 7.3 8 7.6 8.1
S, 0 0.1 2.1 0.3
On 0 0.1 0 0

Fig 2. Comparison Chart of Physical Properties between n-Hexane and Components of Terpene[10]

Table 2. Presence of Different Constituents of Monoterpene and Hydrocarbons in Orange Peel

Extracts'"'\.
Constituent Orange
Monoterpene
(Total) 89-91(% of oil)
d-limonene 83-90
Hydrocarbons
o-pinene 0.5
B-pinene 1.00
Myrcene 2.00
y-Terpinene 0.1
p-cymene -
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Comparison of Mean Percentages of different Constituents
of Monoterpenes and Hydrocarbons in Orange Peel Extracts

86.5%

Total d-limonene a-pinene B-pinene Myrcene y-Terpinene p-cymene

Monoterpenes Hydrocarbons

FIG 3. Comparison of Mean Percentages of different Constituents of Monoterpenes and Hydrocarbons in Orange Peel
Extracts

From the table and the graph, it’s clear that orange peel is high in mono-terpenes: in fact, d-limonene is
the major component which makes of about 90% of the oil.

Table 3. Acute toxicity (rat oral) predictive value of different compounds present in Orange peel
extract compared to n-Hexane through QSAR modelling ''*!

COMPOUND’S NAME | CAS no Rat Oral LDs value (mg/Kg) | R? Value (%)
n-Hexane 110-54-3 | 3539.92 0.74
D-Limonene 5989-27-5 | 4390.47 0.72
Alpha- Pinene 80-56-8 3479.33 0.66
P-Cymene 99-87-6 3265.39 0.76
Beta- Pinene 127-91-3 | 4188.63 0.72
Myrcene 123-35-3 | 5699.90 0.81
Gamma-Terpinene 99-85-4 4650.83 0.70

According to Drwal et al., the toxicity doses and classes such as death if swallowed (LDso<5) as Class I,
death if swallowed (5<LDs5¢<50) as Class II, toxic if swallowed (50< LDs0<300) as Class III, harmful if
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swallowed (300<LD50<2000) as Class IV, may be harmful if swallowed (2000<LDs,<5000) as Class V
and non-toxic (LDso>5000) as Class VI described in ProTox-II webserver.

In the present rat oral acute toxicity (LDso) prediction, six compounds such as n-Hexane, D-Limonene,
Alpha- Pinene, P-Cymene, Beta- Pinene, Gamma-Terpinene were found as Class V and Myrcene as Class
VI (Table 3). In T.E.S.T. software, the statistical interpretation in relation to R? value were easily obtained,
which are an indication of highly significant data, supported by previous QSAR model. In the T.E.S.T.
manual, it was reported that more than 60% R? values in QSAR modelling may lead to suitable prediction
ability of studied compounds. So, from this study we can say that the only Myrcene is not toxic compared
to n-hexane and it can be used as the substitute of n-Hexane "'’

7. Orange Qil Extraction

Certain volatile oils are impossible to distill without decomposition and are therefore generally acquired
through expression (orange 0il)) or other mechanical methods. In some nations, the particular technique for
acquiring citrus oil includes puncturing the oil glands by rolling the fruit over a trough filled with sharp
projections that are protruding enough to penetrate the epidermis and pierce the oil glands within the
exterior part of the peel (ecuelle method). The process of o0il removal from the glands is achieved by
pressing off the fruit[14]. A fine spray of water washes the oil from the mashed peel, while a center pipe
storing the fruit, extracts the juice. Centrifugation separates the respective oil and water emulsion. Another
variant is the extraction of the juice from the fruit before the oil is extracted.

Furthermore, the established distillation method is of lower cost than the extraction process. Destructive
distillation implies the distillation of volatile oil [15] in the lack of air. When wood or resin of the members
of Pinaceae or Cupressaceae is heated without oxygen in air, decomposition occurs and a lot of volatile
compounds are discharged. The remaining mass is charcoal. Condensed volatile material generally gets
separated into two parts: an aqueous coating comprising of wood naptha (methyl alcohol) and pyroligneous
acid (crude acetic) and tarry fluid in the shape of pine tar, juniper tar or other tar, based on the wood used.
This dry distillation is generally done in retorts and the output often amounts to about one-tenth of wood's
weight if the wood is chipped or coarsely grounded and the heat is applied quickly.

Puncturing the oil glands ]

ECUELLE METHOD

Rolling over trough filled with sharp
projections

EXTRACTION PROCESS DISTILLATION METHOD

Fig 4. Block Diagram: Orange Oil Extraction
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8. Conclusion

After consumption of edible components of orange fruit, orange peels are rejected as waste. The nation, h
owever, is dependent on imported essential oil for use in sectors for food, beverage, cosmetics, and pharm
aceutical products. This research work is carried out to demonstrate the extraction of Algal oil with the help
of environmental friendly organic solvents distilled from citrus fruits and oranges by employing different
extraction methods. Our research theory is a potential idea that could replace the toxic n-Hexane solvents
with the organic solvents distilled from Citrus fruit extracts most specifically Orange peel extracts.
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Abstract

The necessity for early detection of deadly diseases and to study the anatomical features of internal organs, there is
an urge on the development of efficient and reliable method for biomedical imaging. This led to the emergence of
nanoparticles as a versatile tool in cellular imaging. The main objective is to summarize the emerging research of
nanoparticles for biomedical imaging with increased selectivity and reduced non-specific uptake by improved
bioconjugation strategy. Quantum dots (fluorescent NPs), gold NPs and magnetic nanoparticles find several
applications in in-vivo imaging techniques due to their exceptional properties. Toxicity of nanoparticles, however,
remains a topic of concern which demands further investigation. Broader implication of this study includes
improvement on the structural design of nanoparticles for in-vivo imaging and reduction of cytotoxicity. This review
mainly emphasizes the properties and types of nanoparticles along with their applications in various imaging
techniques.

Keywords Nanoparticles, biomedical imaging, quantum dots, fluorescence, gold NPs.

1. Introduction

Evolution of nanoparticles as in-vivo imaging agents has led to a remarkable advancement of
medical science in biomedical imaging. Molecular imaging refers to the development of
biocompatible molecular probes for the visualization of cellular function and the measurement
of molecular processes in living organisms at cellular level without disturbing them [1].
Generally, a molecular imaging system is composed of an imaging agent/probe, an imaging
device and a molecular target /receptor. The diameter of nanoparticles (1 — 100 nm) is
comparable to biological functional units, which enables them to act as potential in-vivo imaging
agents. Nanoparticles have remarkable characteristics such as diverse surface chemistry, distinct
magnetic properties and tunable absorption-emission features, which allows hassle-free
investigation of molecular and cellular processes in living organisms.

Development of nanotechnology has led to the detailed classification of NPs and it allowed the
visualization of NPs as they function and travel within a living organism. Nano-imaging agents
such as quantum dots express bright fluorescence which allows to detect them through optical
imaging methods to develop an image or obtain wavelength absorbance data (in nanometres) [2].
Gold nanoparticles (AuNP) due to their high biocompatibility and versatile surface properties
act as a safe platform for many biomedical technologies, including biomedical imaging [3].
Recent advanced technologies focuses on the generation of diverse types of nanoparticles which
clearly indicates the importance of nanoparticles in imaging of biological systems [4, 5].
Emerging nanoparticle technologies are joined by highly developed imaging modalities like
microscopic and scanning techniques to assist in disease detection.
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Figl. Nano materials in in-vivo imaging

2. Types of nanoparticles and their working as in-vivo imaging agents

Imaging applications of nanoparticles have been increasingly developed in last 20 years. In
addition to the size of a nanoparticle which is comparable to biomolecules, their high quantum
yield and high magnetism also makes them a suitable next generation in-vivo imaging tool.
Nowadays, various types of nanoparticle like liposomes, micelles, nanotubes, metallic
nanoparticles, quantum dots, dendrimers and polymeric nanoparticles are in the limelight. This
review mainly emphasizes the following representative nanoparticles (quantum dots, gold
nanoparticles and magnetic nanoparticles) for biomedical imaging applications.

2.1 Quantum dots

Quantum dots are fluorescent semiconductor nanoparticles (~ 1 — 100 nm) with unique optical
and electrical properties, most widely used for biomolecular imaging.A quantum dot possesses
the following advantages over conventional organic dyes and fluorescent proteins:QDs exhibits
near-unity quantum yields and have molar extinction coefficients that are 10-50 times larger
than that of organic dyes, making them brighter (about 10 — 100 times) in photon-limited in-
vivo conditions[6].Quantum dots have a relatively long fluorescence lifetime (5 to > 100 ns) as
compared to that of organic dyes (1 — 5 ns) which increases the probability of absorption at
shorter wavelengths, thereby producing a broad absorption spectrum [6].

QD emission wavelengths are size tunable; this property can be utilized in tissue penetration at
a greater depth, by extending the emission wavelength into Near Infrared Region (NIR) (which
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ranges from 650 nm to 950 nm), thereby reducing the background autofluorescence [7,8]. This
property allows multiplexed imaging applications where one light source is used to excite
multicolour QDs concurrently, without the requirement of complex instrumentation [9].QDs
have negligible photobleaching (100 — 1000 times less than fluorescent dyes) and the long-term
photo stability of QD imaging probes allows the investigation of dynamic cellular processes such
as metastasis, cell migration, cell division & differentiation over longer duration [6, 10-18].
These properties have made QDs a topic of intensive interest in biomedical imaging of internal
organs and tissues.Use of quantum dots as fluorophores for in- vivo fluorescence imaging has
increased recently. In-vitro loading of nanoparticles into human cancer cells has been shown
successfully (Sage 2004; Li, Wang et al. 2006; Xing, Smith et al. 2006) [19], along with their in-
vivo application in mice model (Kim, Jin et al. 2006; DeNardo, DeNardo et al. 2007; Goldberg,
Xing et al. 2011) [20]. The division of human cancer cells were visualized and their reforming
of tumour was being tracked by fluorescence. Better targeting and sensitivity has been achieved
by multiplexing of quantum dots. Surface receptors present on cancer cells can be targeted by
the multiplexed nanoparticles. Nowadays, targeting tumours are based on an approach that
functionalizes quantum dots with molecules specific to the target [21]. Imaging of lymphatic
and cardiovascular system is another example of in-vivo imaging using fluorescent nanoparticle
probes [21].

Zimmer et al. employed NIR emitting QDs to act as an in-vivo reporter due to their ability to
perform at a wavelength minimally absorbed by biological species. He along with his co-workers
prepared a series of InAs/ZnSe core/shell QDs having small-sized core, with variation in shell
thickness and composition, which offered a range of size tunable emission wavelengths, between
750 and 920 nm [22]. Smith et al. visualized the development of blood vessel over time using
QDs. QDs conjugated with biotinylated fibrinogen showed specificity towards the membrane of
blood vessels during angiogenesis [23]. Recently, Kim ef al. explored the targeting and imaging
of lymphatic vessels using quantum dots conjugated to hyaluronic acid (QD-HA conjugates)
[24].

In spite of multiple applications in biomedical imaging, quantum dots have several disadvantages as
well. Efforts have been made to enhance the fluorescent signal in the deep tissues by using a
two-photon microscope, but it is important to have sufficient number of nanoparticles per cell to
clearly visualize the target/receptor. Here, the main problem is that, increased number of
nanoparticles will increase the toxicity of the cells. Cadmium or serenide are the main components
of binary quantum dot, which are detrimental to cells. Due to the intrinsic toxicity of binary quantum
dots, very thick superficial coating is required. As a result, the final core size of quantum dot becomes
almost twice as thick as the initial size, which hinders the mobility of quantum dot inside a cell.
“Blinking behaviour” is again a major drawback of binary quantum dots (Durisic, Bachir et al.
2007; Lee and Osborne 2009; Peterson and Nesbitt 2009) [25, 26, 27]. Due to this blinking behaviour,
tracking of quantum dot becomes difficult inside a bio system.

To avoid the shortcomings of binary quantum dots, silicon nanocrystals can be used instead.
Silicon nanocrystals’ specializes as a fluorophore. Moreover, silicon does not require a thick
surface coating due to its non-toxic nature, so that its average size remains close to its core size.
Hence, the intrinsic role of the nanoparticle remains intact [21].
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2.2 Gold nanoparticles (AuNP)

Inorganic nanoparticles are springing up as versatile tools in molecular imaging owing to their
unique chemical, physical and optical properties [28]. Recently, gold nanoparticles have been
used in multimodal imaging technologies due to their unique surface chemistry,
biocompatibility, relatively low short-term toxicity, high atomic number and high X-ray
absorption coefficient [29, 30]. For biomedical implementation, considering the upcoming
concerns about nanomaterial safety and toxicity is important, in agreement to which gold
nanoparticles can be synthesized under relatively benign conditions [29, 31, 32]. Recently, gold
nanoparticles (AuNP) have gained significant role as CT (computer tomography) scan
contrasting agents (CA) on account of their simple surface chemistry, high X-ray attenuation and
projected biocompatibility. An imaging contrast agent (CA) may be utilized to highlight disease-
specific anatomical features or to enhance distinction between two types of tissues [33, 34].
Contrast agents play an important role by introducing high atomic number media into the body,
thereby allowing safer scans with high image contrast.

Gold nanoparticles due to their higher biocompatibility and easy synthesis, serves as a popular
choice for near IR emitting nano fluorophores. (Lee, Cha et al. 2008; Shang, Yin et al. 2009) [35,
36]. In order to use gold nanoparticles and their derivatives in bioimaging, several imaging
methodologies were developed. Optical Coherence Tomography (OCT) employs the scattering
property of gold nanoshells for in-vivo imaging (Agrawal, Huang et al. 2006; Adler, Huang et
al. 2008; Skrabalak, Chen et al. 2008) [37, 38, 39]. At the site of the tumour, gold nanoshells
accumulates, which increases scattering at that location, thus providing the contrast.
Photoacoustic imaging is another tool for imaging gold nanomaterials. A pulse of near IR
radiation is developed in photoacoustic imaging, that causes thermal expansion nearby and sound
wave is detectable at the surface. Two-photon fluorescence spectroscopy is another in-vivo
imaging technique where gold nanoparticles are employed. In this technique, gold nanomaterials
can increase the occurrence rate of two-photon excitation and relaxation of energy through
fluorescence, since it possesses strong surface plasmon resonance [21]. Additionally, Raman
spectroscopy can be used to enhance Raman effect at the surface of gold NPs [21].

Hainfeld et al. first demonstrated the use of gold nanoparticles (1.9 nm) as an X-ray CT contrast
agent to detect tumours in mice [40]. Gold nanoparticle stabilized by Arabic gum, was
successfully demonstrated as a biocompatible X-ray CT contrast agent by Kattumuri et al. [41].
Utilizing glutamic acid functionalized AuNPs as CT scan contrast agent, Zhang sought to
quantify the micro damage caused to bone [42]. Wang et al. obtained a high resolution CT scan
image of the kidney, by using self-created AuNP clusters (<2 nm) coated with bovine serum
albumin (BSA) [43]

2.3 Magnetic nanoparticles

Magnetic nanoparticles have gained considerable attention due to their potential use in optical,
magnetic and electronic devices [40, 44, 45, 46]. Similar to gold nanoparticles and QDs, iron
oxide nanoparticles are expected to show acceptable biocompatibility at low concentration.
Functionalization of iron oxide NPs with antibodies, nucleosides, proteins and enzymes enables
us to direct them to diseased tissues such as tumours [47, 48]. Further, magnetic nanocrystals
serve as an excellent probe for Magnetic Resonance Imaging (MRI) [21].
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Unique surface property and dimension of iron oxide NPs nanoparticles are responsible for their
superparamagnetism and high field irreversibility [45, 49]. Superparamagnetic iron oxide
nanoparticles abbreviated as SPIONs, have large magnetic moments and are well acceptable as
T2 contrast agents in MRI. Depending on the surface chemistry and particle size, SPIONs are
addressed to the Reticuloendothelial System (RES) [50, 51]. Furthermore, the toxicity of SPIONs
are perceived to be lesser than optical imaging agents, which is evident from the administration
of Feridex(a type of SPION) as a MRI contrast agent [21].

MRI has been extensively used to visualize cellular trafficking with magnetic nanoparticle
probes [52, 53]. Well-defined iron oxide NPs conjugated with Herceptin was developed by Huh
and co-workers, to image breast cancers using MRI. Herceptin specifically binds to the
HER2/neu receptor, which is overexpressed in some breast cancer cells [54, 55]. Engineered
nanoparticles having high and tunable magnetism offers improved sensitivity at their lower
concentration as compared to conventional iron oxide contrast agents. Recently, Lee er al.
employed Mn-doped iron oxide nanoparticles for ultrasensitive molecular imaging [54].

Nanomaterials

Liposome

Ultrasound

Fig 2. Utilization of different nanomaterials in various molecular imaging modalities

3. Instrumentation: Nanoparticle-based imaging techniques
Imaging techniques play a pivotal role in governing the exact position of nanoparticles inside
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living beings. Imaging instrumentation includes MRI, CT scan, SPECT and PET scanning where
nanoparticles are used as contrasting agents and microscopic(optical) imaging techniques like
fluorescence, confocal or electron microscopy are employed for in-vivo visualization of
nanoparticles.

3.1 Microscopic techniques

3.1.1 Confocal Microscopy

Confocal microscopy uses conventional immunofluorescence methods for imaging of NPs. It
has the ability to provide high quality images from within a localized region of the cell/tissue
which makes it suitable for the investigation of biological tissue. Secondary (indirect)
immunofluorescence technique is most frequently used for the visualization and detection of
NPs. The complex structure of NP enables binding of a fluorescent probe or different fluorescent
probes (“doped” NPs) to it & subsequently visualization of NPs can be achieved through
confocal fluorescence microscopic techniques. Luminescent nanoparticles serve the main
purpose of confocal microscopy, especially silica-based nanoparticles doped with fluorescence
molecules [56, 57], gold nanoparticles [58], quantum dots and nanophosphors (ceramic
nanoparticles containing luminescent lanthanoid ions). Organically modified silica (ORMOSIL)
and nanophosphors are the two most promising luminescent NPs, which exhibits aggregation-
enhanced fluorescence [59-62].The most important confocal microscopy techniques are
summarized below:

Tablel. Confocal microscopy techniques

Nanoparticle(s) Technique Application

Study of  cellular uptake/transport
mechanisms on Madin-Darby Canine Kidney
(MDCK) cells

Coumarin-6  labelled Confocal Laser
nanoparticles Scanning Microscopy

Zwitterionic quantum Confocal fluorescence Study of  cellular uptake/transport

dots microscopy mechanisms on red blood cells
60 nm gold Confocal reflection Improvement of image contrast of tissue
nanospheres microscopy structures

3.1.2 Fluorescence Microscopy

Fluorescence microscopy is used to visualize the cellular and tissue-level distribution of
biologically significant fluorescent nanoparticles. Semiconductor quantum dots are used as
fluorescent probes for biomolecular and cellular imaging [66, 67, 68, 69]. Newly developed
brain-targeted fluorescent nanocarriers have been utilized as a molecular probe in
neuroimaging by fluorescent microscopy. Fluorescent nanocarriers ensure target-specific
binding to provide better imaging facility as compared to conventional contrast agents [70].
Advantages of fluorescence imaging over other imaging modalities includes enhanced sensitivity
with significantly higher quality of images and its non-invasive nature, using relatively
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inexpensive instruments. But being an optical technique, it is limited in terms of tissue
penetration depth. As NPs are able to affect autofluorescence of cells, therefore NPs may be
detected by autofluorescence method [71]. Fluorescence microscopy enables the combination of
differently labelled secondary antibodies, in addition to multifunctional cell/tissue labelling.

3.1.3 Electron Microscopy

Electron microscopy is an outstanding tool to determine the size and structure of NPs. Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) Electron are
generally used for in-vivo visualization of nanoparticles. TEM is preferably used to study
nanoparticle uptake, cellular compartmentalization, transport processes and their accumulation
in different tissues and organs. SEM is an indispensable tool in determining the structural
characterization of NPs such as shape and size, area, presence of pores or eccentricity. Moreover,
SEM is highly required to control NP quality [72, 73, 74]. Another essential tool for investigating
microstructural details of nanomaterials is Analytical Electron Microscopy (AEM) which
combines imaging with diffraction and spectroscopy [75].

3.2 Magnetic Resonance Imaging (MRI)

Being non-invasive in nature, MRI is generally used to visualize the structural and functional
details of internal organs. Generally, it provides enhanced contrast between soft tissues as
compared to computed tomography (X-ray CT) [76, 77, 78]. In order to improve contrast in MRI
imaging, several kinds of nanoparticles have been synthesized. Kircher er al. employed
magnetofluorescent (CLIO-CyS5.5) nanoparticles as a pre-operative MRI contrast agent and intra-
operative optical probe for detection of brain tumours using a xenograft model of gliosarcoma
[79]. For example, magnetofluorescent nanoparticles labelled with Bombesin(BN) are used for
targeting bombesin receptors present on acinar cells of the pancreas, thereby enhancing the
tumour visualizing ability by MRI [80].

Superparamagnetic nanoparticles (SPIONs) are useful for magnetic drug targeting [81], cell
tracking [82] and medical imaging [83, 84] on account of their switchable magnetic properties.
The ongoing development of magnetic NPs as MRI contrast agents (CAs) further enhances
image contrast. To serve the purpose of surface functionalization, a paramagnetic CA, usually a
gadolinium-based compound is most commonly used [85]. Gadolinium-doped tissues and fluids
appear extremely bright in MRI, which is why paramagnetic CAs are called positive CAs. To
ensure prior diagnosis of lymph node metastases, Masoudi ef al. synthesized PEG (Polyethylene
Glycol) coated iron oxide NPs to be used as potential MRI contrast agents [86]. Summarily, the
contrast of MRI has been significantly enhanced, which enables potential diseases detection at
an earlier stage.

3.3 PET and SPECT scan

With the advent of Positron Emission Tomography (PET)/Single-Photon Emission
Computerized Tomography (SPECT), a new pathway has opened for cancer diagnosis and
treatment. These techniques help to track different biological pathways and discover typical
tumoral features using nanoparticle-based contrast agents (CAs). The combination of a structural
imaging modality (CT, MRI) with a highly functional sensitive imaging modality (PET/SPECT)
resulted in multimodal imaging or hybrid imaging, which can offer multiple advantages over
any single modality [87], overcoming its drawbacks and strengthening the peculiarities.

NPs were extensively studied as imaging probes for dual MRI/PET tumour imaging at a
preclinical level. Nanoparticles can be categorized into inorganic and organic NPs, depending
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on the chemical composition of their core [88]. On account of unique physical and chemical
properties, inorganic NPs have gained significant attention. Particularly, chemical inertness and
the ease of surface functionalization make inorganic NPs suitable for imaging of malignant
tumours. For example, Chakravarty et al. developed a probe for dual MRI/PET imaging by ®Ge
radiolabelling of SPIONs [89]. Similarly, a number of organic NPs such as liposomes, polymeric
micelles and proteins are used for cancer diagnosis over the last decade. These organic NPs
carrying imaging moieties such as radionuclides, shows potential for tumour detection [88]. For
instance, liposomes were radiolabelled through a ®®Ga-based radiotracer, allowing a dual-
modality tracking of in -vivo distribution of the NPs through MRI and PET imaging. Liposomes
radiolabelled with *™Tc and ®*Cu were also used for SPECT and PET imaging. However, their
toxicity remains a matter of concern; it was observed that iron-oxide NPs entering into the cells
through endocytosis show higher levels of toxicity due to their accumulation in endo-lysosomal
compartments [90].

Fig3. In vivo MRI/CT image of a human breast tumour in a murine model, using MRI-based SPIONs. SPIONs can
be observed to accumulate in tumour having a contrast peak at 24 hrs post injection [91].

4. Conclusion

This review summarizes the emerging research on several types of nanoparticle-based imaging
techniques utilized for biomedical imaging. Quantum dots are recognised as the most promising
agents for fluorescent imaging. Gold nanoparticles are used as contrast agents in ~ X-ray CT
imaging due to their versatile surface chemistry and biocompatibility. Engineered iron oxide
nanoparticles with precise control over particle size and composition along with new Gd-
nanoparticle conjugates are being explored as contrast agents for MRI. Imaging techniques are
progressing rapidly due to the development of new types of contrast agents and improved
instrumentation modalities. Microscopic techniques (Confocal microscopy, Fluorescence
microscopy, etc) and several scanning methods like MRI, X-ray, PET & SPECT scan are being
employed to explore the in-vivo functioning of nanoparticle based imaging probes. In in-
vivo imaging, the potential of NP is remarkable, which opens new possibilities for faster and
better diagnostics along with improved treatment strategies.
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However, the toxicity of nanoparticle is a critically important topic for researchers both in
material science and biomedical fields. Despite the synthesis of a multitude of functionalized
nanoparticles, detailed in-vivo toxicity studies have lagged behind. Therefore, an extra attention
should be given to predict the potential toxicity of nanoparticles before their actual in-vivo
implementation.
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Fig 4 .(a) PET image 30 min post ®Ga radiolabelled liposome injection (without glucose in the formulation); (b)
PET image 30 min post **Ga radiolabelled glucose liposome injection. The arrows show tumours. IP: injection
point; L:liver; Spl:spleen; Bl:bladder; M: magnet; Trigne and Tieft, tumours [92].
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Abstract

Naturally occurring heavy metal toxicity is an increasing major concern. Silver-white, soft, non-
essential cadmium is a non-biodegradable, highly toxic element. Along with natural sources,
several anthropogenic activities increase its toxicity in the environment. In nature, cadmium is
present as oxides, sulfides and carbonate forms. Different biotic and abiotic factors are responsible
for cadmium speciation, mobility, solubility and bioavailability. Cadmium has a toxic effect on
microorganisms, plants and also on human beings. Many bacteria can resist cadmium toxicity and
employs different resistance mechanisms like efflux mechanism, surface absorption, extracellular
sequestration and bio precipitation etc. Bacteria can produce nanoparticles to remediate cadmium.
These nanoparticles have various applications in fields.

Key words Cadmium, Bioavailability, efflux mechanism, P-type ATPase, Nanoparticles.

1. Introduction:

To the environment, heavy metal toxicity is an increasing and long-lasting threat. Among other
pollutants, one of the most challenging issues is heavy metal contamination in soil, water and
plants (Singh and Chauhan, 2011; Tripathi et al., 2012a; Tripathi and Misra, 2012b, 2013; Muamar
et al., 2014; Waseem et al., 2014; Tripathi et al., 2015). Heavy metals have relative density >5.0
g/cm™ (Alissa and Ferns, 2011) and have toxic properties at low concentration (Babula et al., 2009:
Bhargava et al., 2012). The most common heavy metals present in soil are cadmium (Cd), lead
(Pb), magnesium (Mg), nickel (Ni), copper (Cu), cobalt (Co), zinc (Zn), Iron (Fe), manganese
(Mn), mercury (Hg), chromium (Cr), antimony (Sb) etc. (Allen, 2014; Street, 2012; Orisakwe,
2012). Among these, zinc, iron, nickel, copper, manganese and cobalt act as essential
micronutrients in plants, required for many physiological functions at low concentrations. But at
high concentrations they become toxic (Millaleo et al., 2010; Iyaka, 2011; Arya and Roy, 2011).

Other metals like cadmium, lead, mercury and metalloid arsenic are toxic at very low
Corresponding author
Email address: tkmmicrobiology @ gmail.com
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concentrations and have no known biological function (Gaur and Adholeya, 2004; Todeschini et
al., 2011; Hall, 2002; Nazar et al., 2012).

Cadmium is highly toxic, non-essential, non-biodegradable and carcinogenic heavy metal having
high biological half-life i.e., >20 years (Martilli et al., 2006; Aksoy et al., 2014; Xu et al., 2014;
Vinodini et al., 2015). Due to rapid industrialization, nonferrous metal mining and refining,
electroplating, plastic stabilizing, battery manufacturing, abundant use of commercial fertilizer,
pesticide, fossil fuel combustion, amount of heavy metal pollutant like cadmium, lead, zinc
increases in the environment, hazardous to microbes, plants, animals and also in case of human
(Klaassen et al. 2009; Yazdankhah et al. 2010; Liu et al. 2013). In our environment, 30,000 tons
Cd?* is released annually (Nriagu and Pacyna 1988).

In nature, cadmium cannot present as pure, usually as oxides of lead, zinc, copper ore, sulfides and
carbonates (Monachese et al., 2012; Darwish at al., 2016). Carbonate and sulfide forms are more
water-soluble than oxide form (Darwish et al., 2016). In stable compounds, cadmium is present as
a divalent ion. Cadmium can also bind with cyanide and ammonia to form Cd(CN)*2 and
Cd(NH3)® ~*respectively (Khan et al., 2016). The stress-induced toxicity of cadmium effects living
organisms in the broad range including microbes, plants and also humans. Hyper-accumulation of
non-essential, highly toxic cadmium within bacterial cells shows several toxic effects (Fig.1) such
as (i) cell membrane disruption, (ii) directly target nuclear DNA, (iii) transcription inhibition, (iv)
change function of some enzymes, (v) disrupt bacterial respiratory proteins, and (vi) inhibit cell
division (Gibbons et al., 2011; Zeng et al., 2012; Abbas et al.,2017; Khan et al., 2015, Fashola eal.,
2016).For alleviating Cd toxicity microbes have employed several resistant mechanisms viz.,
efflux mechanism, extracellular sequestration and adsorption etc. To remediate cadmium pollution
microbe-associated phytoremediation and nanotechnology were also employed.
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Fig 1 Toxic effects of cadmium on microorganism (Adopted and modified from Jacob et al., 2018)
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2. Speciation, solubility, mobility, uptake and bioavailability of cadmium:

According to Denneman and Robberse,1990 and Ministry of Housing Netherlands,1994 the
permissible level of cadmium in the soil is 0.8 mg/kg and in the case of plant acceptable level of
Cd is 0.02mg/kg (Ogundele et al.,2015). In environment cadmium concentration level present in
order air> soil> plant> water. After dissolution, condensation, adsorption, chemical reaction,
complexion cadmium appears in soil. These incidents affect the cadmium migration (Gigliotti and
Massaccesi, 2013, Wang et al., 2006, Sarwar et a.,2010). In the environment cadmium
concentration is small in comparison to lead, arsenic, zinc and copper, but easily absorbable by
plants. Cadmium toxicity and physiological effects on biological systems are determined by its
bioavailability (Traina and Laperche,1999). Cadmium can be present as hydrated cation or as
species complexes with organic or inorganic ligands (Helmke,1999). Several factors are
responsible for cadmium’s solubility, mobility, bioavailability and speciation such as (i) soil pH,
(ii) redox potential, (iii) soil microorganism, (iv) organic matter etc. A brief discussion of these
biotic and abiotic factors is given below-

(i) Soil pH - 1t is the most important bioavailability controlling factor of cadmium. The relation
between cadmium bioavailability and soil pH is inversely proportional. Acidic pH is responsible
for increasing the transformation of cadmium from Fe and manganese oxide-bound non-available
form to simpler more bioavailable exchangeable form (Li et al., 2014).The pH has an important
role in the determination of Cd speciation along with free Cd** . Order of cadmium distribution is
CdCI*> CdSO4>CdOH™ CdCl. As chloride has an affinity to cadmium, CdCI* is more stable in
the soil. Uses of ammonia fertilizer at acidic pH exchangeable Cadmium fraction are increased
(Zaccheo et al., 2006).

(ii) Redox potential - By varying electron acceptors and redox status, the redox potential of soil
can affect bioavailability and speciation of cadmium along with soil minerals constituents, organic
matt and soil characteristics (Gallego et al.,2012). Under oxidizing conditions cadmium remains
as cationic form i.e. Cd** or as soluble salts while under reducing conditions it exists as insoluble
abundant CdCOs and CdS precipitation in nature (Sarwar et al., 2010). Under alternate wetting
and drying conditions Fe transformations in Fe redox cycling changes the redox potential
(Rinklebe et al., 2016), has a great impact on immobilization, bioavailability and speciation of
cadmium (Jackel et al., 2005). Fe-Mn oxy-hydroxides attract Cd for adsorption. Fe-Mn oxy-
hydroxides increases Cd bioavailability under reducing conditions (Riaz et al., 2021).

(iii) Organic matter: Based on the amount and types of organic matter present in soil, cadmium
and organic matter interaction occur. Sewage sludge contains a high cadmium concentration
(Hamid et al., 2019). By changing soil physiological properties, organic matter can affect cadmium
bioavailability and speciation (Khan et al., 2019). Through increase the surface charge and
adsorption reaction, organic amendments increase Cd immobilization (Clark et al., 2007). Cd
bioavailability in soil decreases due to the presence of high organic matter because of its high
cation exchange capacity (Sauvé et al., 2003).
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(iv) Microorganisms: In soil Cd bioavailability and speciation are affected by microorganisms
(Majewska et al.,2007). Chemically aided microbes or microbial adsorption can reduce solubility
of cadmium. Arbuscular mycorrhizal fungi have an important role in cadmium speciation and
uptake (Meng et al., 2018). Through oxidation-reduction reactions, releasing chelators, changing
pH. biosorption, rhizosphere can alter cadmium bioavailability (Rajkumar et al.,2010; Wenzel et
al.,2009; Uroz et al., 2009). By acidification reaction, Iron/ sulfur oxidizing bacteria increase Cd
bioavailability in soil whereas oxidizing and iron-reducing bacteria are able to improve Cd
bioavailability synergistically up to 90% (Beolchini et al., 2009).Different factors responsible for
affecting Cadmium uptake is tabulated in Table-1.

Table- 1. Soil factors that affect cadmium uptake:

Factors The function of factors for Cd
uptake
Soil Factors pH pH decreases uptake increases,
Cd concentration Conc. decreases uptake decreases
temperature increases at high temperature
salinity increasing salinity increases uptake
micronutrients Uptake increases with Zn deficiency

3. Cadmium resistant bacteria:

Significant pollutant cadmium needs special attention among all heavy metals because of its high
solubility and toxicity in water. The presence of cadmium in the environment may lead to an
increase of cadmium resistant bacteria. One of the most significant bacteria, Pseudomonas
aeruginosa present in almost in all contaminated sites i.e. soil, wastewater, sludge etc. (Abbas et
al.,2014) and also in a hypoxic environment (Majed et al.,2016). Other strains (like PSK1, PSK2,
PSK3, PSK4) of P. aeruginosa was isolated from agricultural soil. Among 4 strains PSK3 has
more resistance capacity. In lag phase, this strain can remove only 4 % of cadmium, while in log
phase due to rapid cell division can remove about 85% of cadmium which is the maximum.
Environmental factors like temperature, pH plays an important role in the cadmium removal
capacity of PSK3 strain (Oztiirk, 2007). Increasing temperature causes enhancement of removal
of cadmium by increasing kinetic energy and surface activity of absorbent (Abdi and Kazemi,
2015). Metal-binding to microorganisms is highly influenced by medium pH (Haferburg and
Kothe, 2007). At pH 8, the strain PSK3 can able to maximum removal of cadmium, however, at
pH 2 and 11 cadmium removal is suppressed.
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Table-2 shows the cadmium resistance bacteria with their cadmium resistance capacity

Serial Name of bacteria Cadmium resistance | Reference

Number capacity

1. Enterobacter mori 450 mg /ml Abbas et al. (2014)

2. Enterobacter sp. WS12 500 mg/ml Abbas et al. (2014

3. Pseudomonas 900 mg/L Ghaima et al.,2017
aeruginosa PSK3

4. Pseudomonas aeruginosa 2200 mg/L Abbas et al.,2014

6. Micrococcus luteus 1100pug/mL Marzanetal., 2017

7. Comamonas sp. XL8 0.1 mmol/L Shi et al.,2021

8. E. coli P4 10.6 mM/L Khan et al., 2015

9. Salmonella enterica 43C 13.3 mM/L Khan et al., 2016

10. Idiomarina sp. OT37-5b 0.4 mM, Ma et al., 2021

11. Pseudomonas sp. K32 4000p g/mL Pramanik et al.,2021

12. Bacillus vietamensis 151-6 0.3 mM Yu et al., 2020

13. Bacillus marisflavi 151-25 0.8 mM Yu et al., 2020

4. Cadmium resistance mechanism:

Heavy metal toxicity depends on bioavailability of that metal in the environment. Mainly five
types of heavy metal toxicity resistance mechanisms are available in bacteria viz. i. Efflux
mechanism (i.e. active transport of metal ion); ii. Biosorption by extracellular barrier; iii.
Extracellular sequestration; iv. Intracellular sequestration; and v. Precipitation (Bruins et al.,2000;
Choudhury and Srivastava,2001). According to Ma et al,2016; these resistance mechanisms used
by bacteria also classified into biochemical mechanism and molecular mechanism. A brief
description of resistance mechanisms are as follows-

i.Efflux mechanism:

Bacteria use several heavy metals resistance mechanism one of them is active ion transport i.e.
efflux mechanism. In the case of Ralstoniametallidurans, metal ions like cadmium, zinc,
manganese, nickel, cobalt enter within the cell by using a magnesium transport system (Nies,
1989). Gene of efflux mechanism is present either in chromosome (Franke et al., 2001; Lee et
al.,2001; Xiong et al.,1998) or in the plasmid (Gupta et al.,1999; Nies,2000;). Proteins of this
system belong to CDF (cation diffusion facilitator), P-type ATPase, RND (resistance, nodulation,
cell division) family (Laneva,2009).
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P-type ATPase, protein superfamily pumps out ions and lipid from inner to outer side of membrane
(Bramkamp et al.,2007). It is widespread in eukaryote (e.g- 16 types in Saccharomyces
cerevisiae) than prokaryote (e.g- 4 types in E.coli.) (Axelsen et al.,1998; Goffeau,1998). Even
number multi-domain trans-membrane protein, P-type ATPase (Molecular weight- 70-150 kDa)
having both cytoplasmic termini. According to sequence homology, five types (I-V) P-type
ATPase are recognized which further divided into subtype based on substrate types. It has actuator
domain (A-domain); nucleotide-binding domain (N- domain); phosphorylation domain (P -
domain), transport domain (T-domain); class-specific support domain(S-domain). The former
three structural and functional domains are cytoplasmic and the latter two are membrane-
embedded. Sometimes regulatory domains also present along with these five domains (Michael G.
Palmgren and Poul Nissen ,2011). P-type ATPase translocate both hard cation and soft transition
metal ion (Werner Kiihlbrandt, 2004).

PIB —type ATPase is heavy metal translocating ATPase. Based on valence of ions, PIB-
type ATPase divided in two subgroups viz. (i) monovalent i.e. Ag+, Cu+ trans locating ATPase
and (ii) divalent i.e. Cd++,Zn++, Pb++ trans locating ATPase.

ii. Biosorption by extracellular barrier:To maintain metal homeostasis biosorption by bacterial
cell walls prevent the entry of heavy metals inside the cell. It is also a physio-chemical, efficient,
cheap, ecofriendly extracellular sequestration process of toxic heavy metals. By ion exchange,
chelation, surface complexation and coordination of metal ions biological absorbents can remove
heavy metals from the contaminated places (Voleski,1994; Chang et al.,1997; Michalak et
al.,2013, Bilal et al.,2018). For removal of metal ions from aqueous solutions biosorbents cell wall
contain functional groups like hydroxyl, amino, carboxyl, carbonyl groups (Ramrakhiani et
al.,2016; Li et al.,2018). Living and dead bacterial, fungal and algal cells act as a biosorbent.
Various physiochemical parameters like temperature, pH, biomass dosage, contact time, initial
metal concentrations, types of biosorbents and types of heavy metal can affect the bacterial
biosorption process. The temperature has the ability to alter functional group and protein structure
available on biosorbent surfaces. Arthobacterviscosus and Klebsiella aerogenesis bind cadmium
on the capsular surface.

iii. Extracellular sequestration:

Bacteria secrets extracellular slime layer, exopolysaccharide (EPS) to combat stress condition by
sequestering heavy metals (Bramhachaari et al.,2007). EPS is extracellular biopolymer with high
molecular weight containing protein, nucleic acids, lipids and non-polymeric substances of low
molecular weight. To protect the bacterial cell from heavy metal stress EPS is the first barrier. By
using it removal of heavy metal from environment is more ecofriendly. Due to presence of charged
functional group within bacterial EPS has specific heavy metal ion adsorption and adhesive
property (Decho et al.,1993). EPS rich with uronic acid has high cadmium binding capacity.By
functional groups of EPS, heavy metal ions can be precipitated onto bacterial cell surface (Ueshima
et al.,2008). By using EPS Arthrobacter viscosus can accumulate 2.3 times higher Cadmium ion
than the equivalent intact cell weight and also have 13.7 times adsorption capacity of not EPS
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forming Arthrobacter globiformis cell (Scott and Palmer 1988). Two classes of EPS are found viz.
homo-exopolysaccharide and hetero-exopolysaccharide. Former one normally extracellular
synthesized but sometimes intracellular synthesized and later one intracellular synthesized..EPS
mediated metal ion bioremediation occur through different strategies like-

a) Homogenous consortial EPS: From the early eighties to remediate heavy metal pure bacterial
culture and its EPS was used (Norberg et al.,1984). EPS of Cyanobacteria, Cyanothece Sp.
CCYO0110 is responsible for copper, cadmium and lead removal (Gupta and Diwan,2017). At
above pH around 9, EPS of Pseudomonas putida can sequester 80% of cadmium
ion. Shewenellaoneidensis and Rhizobium tropici can reduce 80% cadmium from medium at
higher pH range 8 to 9 whereas Agrobacterium sp can increase cadmium ion adsorption below pH
4 (Kenny et al.,2011). Generally Recognized as Safe (GRAS) status bacteria,
Paenibacillusjamilae can reduce 200-300 mg Pb2+/g EPS, 21 mg Cd2+/g of EPS(Morillo et
al.,2006; Pérez et al.,2008).

b) Heterogenous consortial EPS: Mixed bacterial culture also used for heavy metal remediation.
From hydrocarbon contaminated water, EPS of microbes have the ability to reduce 87.12% of
Cd2+; 19.82% of Zn2+; and 37.64% of Cu2+ load (Martins et al., 2008). Gram-negative bacteria
can remove 75-85% of initial metal ions like cadmium, zinc, lead, copper, chromium and cobalt
within two hours of contact (Ashruta, et al.,2014).

¢) Dead biomass EPS: Activated sludge isolate bacteria, Ochrobactrum anthropic dead biomass
EPS can remove 57.8 mg Cr6+/g EPS at initial metal load of 280 ppm, 26 mg Cu2+/g EPS at an
initial metal load of 91.6 ppm, 29.5 mg Cd2+/g EPS at 100.6 ppm initial metal load.

d) Immobilized EPS: Alginate bead immobilized bacteria, Chryseomonasluteola has ability to
remove 64.10 mg Cd2+/g EPS (Ozdemir et al.,2005).

iv. Bio-precipitation: Eco-friendly method, microbially induced calcite precipitation (MICP) has
been used for removal of heavy metals, radionuclides, CO2 sequestration, modifying

the properties of soil(Anbu et al. 2016). External precipitation can also limit cadmium influx into
the bacterial cell (Bruins et al.,2000). By precipitating the heavy metal in soil, MICP can prevent
enter heavy metal to food chain. Metal ion precipitated through urea hydrolysis by urease enzyme.
Per mole Urea hydrolyses to form one mole carbonate and two moles of ammonia (Burbank et al.,
2012). During incubation of 48 hr selected urolytic bacteria can remove 88%- 99% of Ni, Cu, Pb,
Co, Zn and Cd ( Li et al.,2013).Bio-precipitation of cadmium ion help to decrease bio-availabity
of this ion to bacteria and plants (Bai et al., 2009; Fan et al., 2012; Yang et al.,2012). In cadmium
rich environment bacteria use cysteine as a sulfur source for biomineralization of CdS. Cysteine is
ubiquitously present as a cysteine-derived compound like glutathione and important functional
sites in proteins (Marino and Gladshev,2010). Due to the presence of sulthydryl (-SH) group it
has high reactive properties within microorganism’s cells (Wendisch, 2007). Cysteine can easily
precipitate in cadmium detoxification because of its strong reactivity and reducibility (Kawashima
et al., 2004; Raspanti et al., 2009). A light-dependent enzyme, cysteine desulthydrase can
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precipitate Cd (II) to CdS nanoparticle at pH-7-10 and temperature- 20-80 degree C (Bai et
al.,2009; Alharbi et al.,2012). In environment, Klebsiella aerogenes secrets sulfur to form
insoluble cadmium sulfide (Scott and Palmer,1990) whereas Citrobacter sp. can form insoluble
cadmium phosphate complex (McEntee et al.,1986).

(v) Intracellular sequestration: Intracellular metal-binding proteins and nonspecific attachment
to cell wall help in low-level metal resistance (Blindauer et al.,2002). Cysteine-rich
metallothioneins (MTSs) act as intracellular metal-binding proteins in bacteria responsible for the
immobilization of heavy metals (Choudhary, 2019). Cysteine containing thiol group has high
affinity to bind essential and non-essential metals (Li et al., 2015). By using this property MTs
decrease the free cadmium ion concentration in bacterial cytoplasm. The bacterial MTs first
identified in Synechococcus PCC 7942 (Abbas et al., 2017).

Cd2+ Bacterium

CdTe

Fig- 2 Several Cadmium resistant mechanisms by bacteria (Adopted and modified from Sharma et al., 2016)

5. Cadmium resistant genes/ proteins for efflux mechanism:

Table-3 shows Cadmium resistance bacteria and their resistance gene / protein:

Serial | Name of bacteria Gene/ protein name Reference
No.
1. Pseudomonas aeruginosa JP-11 czcABC Chakraborty and
Das,2014
2. Staphylococus aureus plasmid | cadD, cadX* Crupper et al., 1999
pRWO001
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3. Bacillus subtilis cadD Crupper et al., 1999
4. S. aureus cadD(has low resistance),cadA and | Crupper et al., 1999
cadB( has higher resistance level)

5. P. putida cadA and cadR Lee et al., 2001

6. E. coli. zntA Leeetal., 2001

7. Alxaligeneseutrophus Plasmid encoded czc Abbas et al., 2018

8. Ralstonia sp. CH34 Plasmid encoded cad genes Abbas et al., 2018

9. Comamonas sp. XL8 cadA and bmtA Shi et al., 2021

10. Pseudomonas sp. GCO1 cadA, zntA, and pbrA Benavente et al., 2021

11. Streptococcus  hermophiles  Strain | cadCs; and cadAs; Schirawski et al.,2002
4134

12. Cupriavidusmetallidurans CH34 RND protein Rozycki and Nies,

2009

13. Gluconacetobacterdiazotrophicus PAl | CzcA protein Intorne et al., 2012
5

14. Bacillus vietamensis 151-6 P-type ATPase Yu et al., 2020

15. Bacillus marisflavi 151-25 P-type ATPase Yu et al., 2020

16. Alcaligenes eutrophus CH34 CzcC, CzcB and CzcA protein Diels et al., 1994

6. Cadmium remediation by using nanotechnology:

Emerging potential tool, nanotechnology is used to remediate contaminants from water, soil and
sediments. Nanoparticles (NPs) (1-100 nm) possess the following features- (i) small size, (ii) high
ratio of surface area to unit mass, (iii) small intraparticle diffusivity, (iv) reusability, (v) easily
separable especially magnetite NPs, (vi) magnetic characteristics and (vii) modifiable and
biocompatible surface. Due to these reasons nanoparticles have high adaptability in both in-
situ and ex-situ remediation. Adsorption sites, porosity, catalytic activity, dispersion capability and
permeability are also increased by NPs (Kumar et al., 2019; Ali et al., 2018). According to
Tratynyek and Johnson,2006, for remediation of heavy metals used nanoparticles can’t move very
far from their injected site. Different nanoparticles like metal oxides, nanoscale zeolites, enzymes,
carbon nanotubes and fibers, titanium dioxides and bimetallic nanoparticles are used for
remediation. Iron oxides NPs (Zand et al., 2020b), TiO2 engineered NPs (Zand et al., 2020a),
ferrous sulphide NPs (Tian et al., 2020), nanoscale zero-valent iron NPs (Zand et al., 2020b) etc.
plays an important role in cadmium remediation. Three types of iron phosphate nanoparticles viz.
Fe3(PO4)2, FeHPO4 and Fe(H2PO4): are used for treatment of Cd contaminated soil. Among these
three nanoparticles, Fe3(PO4); is best for Cd immobilization. Without affecting the life forms, the

ISSN 2689-6389 (Print) 66
ISSN 2687-7939 (Online)



LJCAES Vol 2, Issue 4, 2021

combined use of nanotechnology and other bioremediation technology can remediate high Cd
concentration contaminations ( Rizwan et al.,2014). Comamonas sp. XL8 can synthesize Cd-
nanoparticles intracellularly. Application of nanoparticles in biomedicine (therapeutic and
diagnostic), control of microorganisms, energy and in electronic/ optic devices (Ordenes-
Aenishanslins et al., 2014; Dragone et al., 2017; Wang et al., 2010; Petros et al., 2010; Kiessling et
al., 2010).

1-6nm metal-based NPs are known as QDs (quantum dots) consist of group II-IV or II-V elements

of the periodic table (Algar et al., 2010; Gallardo et al.,2019). Through the quantum confinement
effect, the size and composition of QDs decide distinctive optoelectronic properties
(Alilvisatos,1996; Zhou and Ghosh,2007). QDs used in solar cells (Nozik et al., 2010) and
fluorescent biological labels with medical interests (Wagner et al., 2019). Because of potential
technological use, biosynthesis of CdS QDs are well studied and characterized metal sulfide
NPs(Valizadeh et al., 2012; Ulloa et al., 2016). Usually biomolecules coated CdS NPs have water
solubility, higher stability and /or distinctive biocompatibility characteristics (Valizadeh et al.,
2012; Ramya et al.,2015; Monrds et al.,2012). CdS nanoparticle is well studied semiconductor
having excellent light-absorbing efficiency (Vogel et al., 1994; Sakimotio et al., 2016). CdS can
absorb the photon and convert it into photoelectrons. In cell this photoelectrons passes onto
biological process and convert solar energy to chemical energy (Sakimoto et al., 2016). By using
this chemical energy bacteria can improve their growth (Sakimoto et al., 2016). Through
semiconductor materials by absorbing photons non-photosynthetic bacteria can utilize light energy
directly or indirectly (Lu et al., 2012; Sakimoto et al., 2016). Under heavy metal stress, some
bacteria use many smart strategies for completing their life cycle and being alive. They can able
to change the harmful stress condition to beneficial condition.

Recently psychrotolerant Antarctic Pseudomonas Strain has been reported, has the ability of
biosynthesis cadmium based QDs i.e.CdS, CdSe and CdTe at low temperature (Gallardo et
al.,20014; Plaza et al., 2016). Now a days, at high salt concentration and low pH polyextremophile-
halophilic and acidophilic bacteria are used to synthesize stable CdS QDs (Ulloa et al., 2016, Bruna
et al.,2019). A deep-sea bacterium, Idiomarina sp. OT37-5b has enhanced Cd removal capacity
with the formation of CdS nanoparticles (Ma et al., 2021). According to Bai et al.,2009,
photosynthetic bacteria, Rhodopseudomonas palustris can also synthesis CdS nanoparticles.

Along with semiconductor property, CdS has also fluorescence, excellent luminescence,
controllable and narrow emission bands, continuous excitation spectrum, and ease of
functionalization for tissue targeting (Wu et al., 2016). Due to high absorption coefficient and
direct energy bandgap (~1.5eV), CdTe used as photodetectors and x-ray detectors with great
attractants (yang et al., 2016). CdTe has an anti-coagulant property.

7. Conclusion and future aspects:

In present 21* era one of the growing concern issues is Cd mediated soil pollution because of its
toxicity on different life forms at very low concentration and persistence in the environment for
long time without exploitation. Except for natural sources several anthropogenic sources have
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contributed to deposit Cd into environmental system up to toxic level. In soil increase level of Cd
contaminants disturbs the entire soil-microbe-plant system and it enters into the food web, shows
several toxic effects and health hazards.

To remove/recover Cd from environment several remediation techniques like bioremediation,
phytoremediation and nano-remediation have been employed. Some bacteria can synthesis
cadmium nanoparticles to alleviate cadmium toxicity. CdS, CdTe nanoparticles are also called
quantum dots due to their diameter of 1-6nm. CdS is well studied semi-conductor due to its
excellence light absorbance capacity, used in laser light. For excellent luminescence, controllable
and narrow emission bands, continuous excitation spectrum, and ease of the functionalization for
tissue targeting, CdS can be used in medical imaging and treatment of cancer and also other
disease. CdTe has high absorption coefficient and direct energy bandgap. So, CdTe used in
biomedicine and X-ray. It also has anticoagulant property. Its anticoagulant property depends on
calcium ion availability. If we properly and securely encapsulated CdTe, it has no or very very less
harmful effect on humans. So, it is used in COVID treatment or in another disease treatment as an
anti-coagulant agent.

In field level for understanding bioremediation treatment longevity, it is necessary to focus on
bioremediation performance under different climate changes.
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