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Advancement of Biomimetic Nanoparticles for Targeted Drug Delivery
Adnan Ahmed Sultan*, Aditya Pratap Singh, Abhipriya Rajan, Anupam Tiwary

Department of Information Technology, Institute of Engineering & Management, Kolkata —
700091

Abstract

There has been an increasing requirement for more efficient and less iatrogenic therapies for drug delivery,
encouraging researches to develop new vectors that ensure targeted delivery of drugs and other therapeutic agents in
medicine. Traditional synthetic drug vectors which include polymer and lipid particles are not preferred for clinical
applications due to their high cytotoxicity, greater immunogenicity and low cell membrane penetrability. On the
other hand, natural particulates ranging from pathogens to mammalian cells are specially optimized for in vivo
functions and possess features desirable for drug delivery vectors. Biomimetics involves exploiting biological
organisms, cells and molecules or deriving inspiration from them. The Biomimetic Nanoparticles have ushered a
new generation of drug carriers, attracting researchers because of their excellent biocompatibility, biodistribution,
low chances of recognition and removal by the immune system. Their ability to mimic the bio-structure and function
of the biological system makes them reliable drug delivery vectors especially for disease targeting. The advanced
biotechnology tools used for engineering synthetic and natural derived nano-systems along with better
understanding of biological systems, have enabled researchers to apply these ideas to the delivery of drugs, small
interfering RNA, proteins and other therapeutic agents. This review summarizes recent advances in biomimetic
nanoparticles used for targeted drug delivery in medicine, obtained by processing synthetic materials using
biomimetics. The challenges of biomimetic delivery systems and future directions are also discussed and proposed
herein.

Keywords: Biomimetic, biomimetic nanoparticles, nano-systems, drug carriers, biomimetic
vector

1. Introduction

The word ‘biomimetic' was first used by Otto Schmitt in 1957, who explained it in relation with bio-
physics science. His expression was: “Biomimetics is not so much a subject matter as it is a point of view.
It is an approach to problems of technology utilizing the theory and technology of the biological sciences”
[1]. The application if biomimetics to resolve various problems in medicine and pharmaceutics is a
promising method for treatment of various diseases.

Understanding macromolecular structure and sophisticated processes at the cellular and subcellular level
(such as protein structure and biological activities) allows scientists to be inspired by and mimic these
natural processes for biomedical applications. The study of cell growth and division, metabolic regulation
of cellular interactions and hormone signaling pathways [2] is all a part of biomimetics in cellular
processes. The focus of today's drug delivery research is on targeted drug delivery which involves
transferring medications into the cytoplasm of selected cells while avoiding detrimental, deleterious
effects on healthy tissues and organs. Poor solubility, stability and unintended toxicity, and/or an inability
to cross cell membranes are all inherent problems with drugs that have not been modified or processed to
improve their physicochemical properties and pharmacokinetics profile. These concerns have prompted
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the creation of novel drug delivery vector technologies with enhanced therapeutic activity and improved
in vivo pharmacokinetics.

Despite the fact that many medicines have strong pharmacological action against certain diseases, their
usage in their natural state is frequently restricted for practical reasons. The poor stability, limited
biodistribution, low barrier penetrating abilities and lack of targeting features are all major problems
related to drug delivery. With the development of nano-sized controlled drug delivery systems, the above
mentioned limits have favoured the use of nanoscience in medicine. The research and development of
drug delivery systems in the form of polymeric nano and/or micro particles, liposomes and micelles,
among others [3-5], has seen significant expansion in recent decades fueled by many developments in
nanotechnology and biotechnology. The success of these devices is primarily determined by the choice of
proper design parameters to address the physicochemical limits of the drugs (i.e., solubility and stability)
as well as biological barriers to reaching the target (i.e., the first-pass effect, immune clearance, cell entry
and off-target deposition). The precise hurdle for drug delivery is determined by the nature of the
medication (whether it is a peptide, antibody or siRNA) as well as the mode of administration (oral,
injectable, transdermal or inhalation), each of which has its own set of advantages and disadvantages.

Nanoparticles for drug delivery efficiently lower the barriers to free drug administration encouraging the
use of existing pharmaceuticals that have already been developed and studied but have not been utilized
in free form due to their side effects. Nanoparticles are homing systems that hide and protect weakly
stable active molecules from the physiological environment allowing the preservation of their
pharmacological activity. Their customizability and functionalized ability which provide specialized
features to overcome low bioavailability, solubility difficulties and off-target deposition in healthy tissues,
are additional benefits connected with their use in drug administration.

Due to the enormous benefits that these vectors may give, the use of nanoparticles derived from synthetic,
biological or biohybrid sources, has been increasingly popular in recent years. Initially, natural origin
materials were treated to become vectors for drug delivery. Natural materials derived from plants (e.g.,
alginate) or animals (e.g., chitosan), were widely used due to their biocompatibility and degradability.
Liposomes were also thought to be useful careers for encasing and transporting medicines. By using well
consolidated processes, liposomes can be made from amphibolic natural substances. For a wide range of
starting materials, preparation processes and designs for vectors from natural derivation were optimized.
Natural carriers was successfully improved by adding chemical alterations and subsequently creating
hybrid materials, as a result of which new and more performant synthetic polymers were discovered and
tested as starting materials for carrier preparation. Artificial drug vectors made of biodegradable polymers
or inorganic materials are constantly being researched, with promising results propelling a number of
systems to market. Some synthetic nanoparticles can be manipulated and functionalized to improve
stealth and targeting.

Natural nano-systems created from pathogens or cells have the potential to improve pharmacological
therapy. Biological vectors have inherent properties that allow for extended circulation and district-
specific targeting. Natural vectors have evolved over time to achieve the goals, homing their unique
properties. Scientists have now developed precise processes for obtaining safe vectors from living cells as
well as enhanced techniques to increase drug loading without sacrificing native carrier qualities, ghost
and living cells are currently being investigated with promising findings.The functional qualities of
natural and manufactured nanoparticles are well understood and have already been enhanced using
consolidated techniques [6]. Furthermore, breakthroughs in cell biology now allow for the combination of
advantageous traits from all classes, resulting in combined biohybrid structures with improved qualities.
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This review summarizes the advances in the design of biomimetic nanoparticles used for targeted drug
delivery, including an overview of their development status, clinical trial utilization, and commercial
penetration during the last few years and also highlights the various applications and limitations of each
approach.

2. Artificial Drug Vectors

Degradable or biodegradable artificial materials are employed as safe therapeutic carriers [7]. Synthetic
polymer nanoparticles [8] are the most intriguing family of artificial nanoparticles for drug delivery. Soft
polymer nanocarriers, such as dense spheres, hollow capsules, micelles, niosomes, interpenetrated
networks, and dendrimers, can be built in a variety of designs. Different drug delivery kinetics can be
achieved depending on the starting materials used, which can be rapid, sustained, pulsatile, or on-demand.
Polymer carriers are currently being used to transport drugs, small molecules, proteins, and genes, with
applications in cancer treatment [9], brain disease treatment [10,11], cardiovascular diseases [12],
orthopedic applications [13], and as sensors to research the intracellular environment [14].

On-demand medication release is a basic biomimetic trait that allows a synthetic structure to become
active only when it is required and when it reaches the targeted location. Using natural-inspired processes,
biomimetic features can be successfully added during carrier synthesis [15,16]. Another way to improve
biomimicry was to use bioresponsive materials [17], which are synthetic polymers that respond to
biological signals or pathological circumstances such changes in pH, temperature, hypoxia, or redox
conditions. As an example, according to the study of Guha et al. [18] responsive materials are useful in
improving the administration of active molecules via the oral route. The scientists created a core/shell
system for oral insulin administration made of mesoporous silica and coated with a pH-responsive
substance in this study. The coating provided preferred release at a systemic pH of 7.4 in this system. T-
responsive nanocarriers also allow for on-demand drug administration and can be initiated by an external
stimulation or a rise in temperature caused by pathological lesions [19]. As illustrated by He et al., who
recently discovered the capacity of fluorescent tagged T-responsive nanoparticles to change shape in
response to temperature change, temperature can alter nanoparticle characteristics [20]. The use of an
external heat source significantly increased the diameter of nanoparticles, allowing for fluorescence and
size-measurement experiments. This use was originally proposed for image-guided drug release, however
the ability to change the size and shape of nanoparticles in vivo improves their important biomimetic
features, such as cell contacts, intravascular transport, barrier penetration, and recognition qualities [21].
Mechanical stimuli can also be used to initiate medication delivery. Deformable nanoparticles are strong
candidates to fulfil the role of mechanically activated drug vector, as it is now widely acknowledged that
mechanical forces can modify drug delivery [22]. Along with their use as drug delivery systems, shape-
adaptable nanoparticles have also been used to investigate intracellular mechanical forces, as described by
Chen et al., who found distinct distorted morphologies in soft synthetic particles incubated within
different cell lines [23].

With a biomimetic system design, recognition properties can be obtained as well. The molecular
imprinting (MI) technique is one of the most intriguing technologies for modifying synthetic materials in
this regard. Functional cavities act as selective binding sites in particles generated using the MI technique,
allowing for a unique lock and key mechanism for molecule recognition. The inherent recognition
properties of MI materials allow therapeutic efficacy without the usage of drugs [24]. Despite its potential,
the MI technique has yet to be widely used in the preparation of drug delivery systems [25], limiting its
use as synthetic plastic antibodies to bind molecules of various sizes and properties, such as nonsteroidal
anti-inflammatory drugs [26], intracellular protein sequestration [27], or imaging agents [28]. One of the
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most significant drawbacks of molecularly imprinted nanoparticles is the requirement for the structure to
be cross-linked and stiff in order to provide strong recognition capabilities.

Culver et al. offered a new application that partially addresses his constraint by crosslinking a non-
degradable polymer around a non-MI degradable core to get surface recognition capabilities [29]. This
treatment lowers non-degradable material while also decreasing the amount of polymer potential
accumulated after delivery, although it is not a permanent solution. A completely degradable bulk-
imprinted nanoparticle system was recently proposed [30], demonstrating efficient recognition properties
toward the small biotin molecule and, with the same functionalization, also toward the large biotin-tagged
albumin molecule, thus combining degradability and recognition properties for the first time.

2.1. Biomimetic hydrogels

Hydrogels are a class of hydrophilic polymeric materials that can be either natural or manufactured.
Furthermore, hydrogels can absorb enormous volumes of water or biological fluids and remain in solution
in an aqueous environment due to chemical or physical cross-linking of individual polymer chains [31].
Softness, flexibility, adjustable porosity, and biocompatibility are among important features of these
biomaterials. The circumstances for gel production are relatively gentle, so they match natural living cells
and tissues as closely as possible [32]. By modifying the hydrogel matrix, it is possible to achieve certain
qualities in rapid and reversible responses to a variety of chemical and physical stimulation (such as pH,
temperature, and ionic strength), which are suitable for long-term active drug release. This characteristic

Protein

Mesh Size

Degree of crosslinking . '

Chemical structure

External stimuli “

swollen state Crosslink deswollen state

Fig 1. Schematic diagram of hydrogels at swollen or shrunken states for drug release [31].

also allows them to deliver biomolecules (such as protein and peptide therapeutics) [31]. Figure 1 shows
how hydrogels can be swelled or shrunken for drug release.Biomimetic hydrogels have arisen as a result
of the incorporation of biological recognition sites for covering cellular processes and synchronising
responses to environmental stimulation. In addition, appropriate biological moieties should be added to
the inert polymer chains of hydrogels to make them suitable for in vivo targeted drug delivery systems
[31]. Furthermore, through spatiotemporal inclusion of biological cues such as peptides, growth factors,
and proteins into hydrogel matrices, it is possible to construct an unigue controlled drug delivery system
to regenerate tissues [32]. The incorporation of growth factors in a biomimetic hydrogel matrix for
regulated medication delivery is shown in Figure 2. A synopsis of works on biomimetic hydrogels in drug
delivery applications is shown in Table 1.
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Fig 2. The incorporation of growth factors in biomimetic hydrogel matrix for tissue regeneration [33]

Table 1. Synopsis of works on biomimetic hydrogels in drug delivery applications [48].

Authors
Liang et al.

Moschou et
al.
Moon et al.

Fisher et al.
Anderson et

al.
Orive et al.

Bozzini et al.

Ravi et al.

Xue et al.

Zhao et al.

Kim et al.

Huh et al.

Boffito et al.

Sawicki et
al.

Brief Title
Protein Diffusion Hydrogels

Hydrogels Based Proteins

Hydrogels Therapeutic Angiogenesis
Tight Junction Disruption Hydrogel
Gelation Properties Peptide
Amphiphiles

Cell-hydrogel Drug Delivery
Cross-linking Human Recombinant
Elastin (HELP)

Coupling Peptide Protein Polymer
Facile Green Fabrication Hydrogel
Polysaccharide Antibiotics Delivery
Hydrogel Tissue Regeneration
Biomineralized Biomimetic Hydrogels

Novel Thermosensitive Hydrogels

Formation Patterning Hydrogels

2.2. Biomimetic micelles

Highlights
The diffusion of the biological molecules was optimized agarose
hydrogel
The stimuli-responsive Hydrogels were fabricated by binding protein
and its low-affinity ligand.
Biomimetic hydrogels were developed to be enabled to stimulate
endothelial cell adhesion.
Biomimetic peptide-base hydrogels were investigated for oral protein
delivery.
The mechanical properties of PAs hydrogels were moderated.

Biomimetic cell-hydrogel capsules were designed for the Long-term
efficacy of immobilized cells.

The biomimetic HELP hydrogel was fabricated by enzymatic cross-
linking.

The RGD-modified ELP hydrogels were utilized to mimic cellular
microenvironment.

A simple Physically method of cross-linking was used to produce a
biomimetic GT-S hydrogel

A biomimetic antibiotic-loaded hydrogel was fabricated for wound
dressing.

Biomimetic hybrid hydrogels were biomineralized of for binding
calcium ions.

Biomimetic hybrid hydrogels were biomineralized of for binding
calcium ions.

A thermoaresponsive hydrogel was fabricated for in situ injectable
drug delivery systems.

Click chemistries methods of the fabrication of biomimetic hydrogels
were studied.

References
[34]

[39]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]

[47]

Micelle is a common term in chemistry that refers to a structure in agueous solutions that has one
hydrophobic core and one hydrophilic end. The utilisation of these supermolecules in drug delivery
systems results in the development of innovative drug carriers in the treatment of diseases such as cancer.

Polymeric micelles are the most popular colloidal delivery technology because of their superior

performance in drug modification [49]. Polymeric micelles are tiny spheres that are produced by the self-
assembly of amphiphilic di or tri block copolymers in an aqueous environment [49,50]. The hydrophobic
(lipophilic) core is used to encapsulate and solubilize hydrophobic medicines, proteins, and DNA, while
the hydrophilic shell interacts with the biological environment and provides stealth. The chemical
structure of block copolymers in micelles can be used to design or adjust physicochemical properties of
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encapsulated pharmaceuticals, disease pathophysiology, and the release mechanism of individual drugs in
specific areas. Additionally, the chemical structure of the core might be changed to improve drug
encapsulation, increase micelle stability, and control the amount of medication released from the micelles.
Biomimetic micelles might also be created by using biological moieties or biomimetic base-block
copolymers via self-assembly of innovative biomimetic amphiphiles in a micellar structure to give more
controlled localised Drug delivery systems [49,51-53]. A biomimetic micelle containing medicinal
medicines is shown in Figure 3. A synopsis of works on biomimetic micelles in drug delivery applications
is shown in Table 2.

Amphiphilic Copolymer

Biomimetic Drug-Loaded Micelle

Fig 3. A biomimetic micelle in which drug is encapsulated [54].

Table 2. Synopsis of works on biomimetic micelles in drug delivery applications [48].

Authors
Xu et al.
Xu et al.
Sallach et
al.

Xiong et
al.

Tang et al.

Jang et al.
Wang et
al.

Jiang et al.

Wu et al.

Brief Title
Biomimetic Amphiphiles
Biomimetic Polymersomes
Micelle Protein Structure

Virus-Mimetic Micelles siRNA

Stability Acid Sensitivity Micelles
uv

Cell-Penetrating Paclitaxel sSiRNA
Tumor Suppression

Zwitterionic Polymers Targeting
Carriers

Hyperbranched Polyether
Zwitterionic Polymers

Drug Release Micelles Chitosan
Conjugate

2.3. Biomimetic liposomes

Highlights
A sustained release of ADR was obtained by Chol-PEO micelles.
A sustained release of ADR was obtained by CMPC micelles.
Protein polymer-based micelles were fabricated by means of recombinant
DNA procedure.
PEO-block-PCL micelles as siRNA carriers were modified by viral vectors
to provide dual peptide functionality (RGD/TAT) micelles.
A biomimetic method by means of UV irradiation was utilized to form
stable micelles.
Dual-functional drug-loaded micelles were fabricated For the suppression
of tumor cells.
A hyperbranched polymer was utilized as cores of biomimetic DOX loaded
micelles.
A hyperbranched polymer was utilized as cores of biomimetic IND loaded
micelles.
Proper drug release profile was obtained from biomimetic DCA-PCC
micelles as quercetin carrier.

References
[51]
[52]
[55]
[53]
[56]
[57]
[58]
[59]

[60]

Liposomes are spherical vesicles with phospholipids forming a double layer (bilayer). Because the lipid
bilayer of liposomes is analogous to the cell membrane in the human body or animals, they can be used as
medication delivery vehicles.

In an aqueous solution, liposomes could be self-assembled from cholesterol and natural phospholipids.
Liposomes have both hydrophobic and hydrophilic properties due to their concentric phospholipid bilayer
around an aqueous centre portion. They are also non-toxic, biocompatible, and biodegradable, with the
ability to transport both hydrophobic and hydrophilic medicines in phospholipids and the interior aqueous
section, respectively. Liposomes are classified according to their lipid composition, surface charge, size,
and manufacturing method. They were further divided into two types based on their size and number of
bilayers: unilamellar vesicles (UV) and multilamellar vesicles (MLV) [61,62]. Liposomes can be divided
into two categories, as seen in Figure 4.
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Multilamellar Vesicles (MLV)

Unilamellar Vesicles (UV)
@ Aqueous section
¢

%ymm\

Phospholipid bilayer

Fig 4. Unilamellar vesicles (UV) and multilamellar vesicles (MLV) which are two main types of liposomes [63].

Liposomes can be made using biomimetic techniques, which replicate the biological behaviour of cells.
Biomimetic liposomes could also be targeted with specific moieties or ligands to deliver medications or
biomolecules intracellularly. Biomimetic liposomes could also allow the controlled release of loaded
cargo in response to a specific stimulation in the cell microenvironment [64,65]. Figure 5 depicts a
biomimetic liposome containing two types of medicines. A synopsis of works on biomimetic liposomes in
drug delivery applications is shown in Table 3.

HydrophGbic Tail

Hydrophilic Head Hydrophilic Drug

Hydrophobic Drug

Fig 5. One biomimetic liposome with the capability of carrying hydrophilic and hydrophobic drugs within target
cells, simultaneously [48].

Table 3. Synopsis of works on biomimetic liposomes in drug delivery applications [48].

Westhaus et Lipid Vesicles Polysaccharide Protein Thermal-responsive CaCl2-loaded liposomes were fabricated as [66]
al. in situ injectable drugs.
Sakai et al. Metabolism Hemoglobin-Vesicles Hemoglobin-loaded liposomes were fabricated to be able to [67]
transfer O2 artificially.
Boyer et al. Multiple Lipid Vesicle The stability and the EPR effects were promoted in multi lipid [68]
layer liposomes
Zhu et al. Glycoliposomes Targeting P-Selectin Biomimetic SuLea-PEG-liposomes were fabricated to be ableto | [69]
Activated Platelets target activated platelets.
Gao et al. Biofunctionalization Microcapsules Biofunctionalization Microcapsules Liposomes [70]
Liposomes

2.4. Biomimetic dendrimers

Dendrimers are tree-shaped synthetic polymers that can be modified for a specific purpose as drug
carriers in drug delivery systems by a sequence of processes. Dendrimers are highly branched three-
dimensional macromolecular cubes with a compact spherical form and internal repeating units
(generations) that emerge from a focal core [71,72]. These macromolecules have several functional
groups on their surface (exterior reactive terminal groups) that make them excellent carriers in drug
delivery systems, in addition to a specified shape, size, molecular weight, and monodispersity. Drugs can
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be physically encapsulated inside the dendritic structure or electrostatically or covalently attached to the
surface via end functional groups [72,73].

Dendrimers may also improve medicinal compounds' water solubility, bioavailability, and
biocompatibility [74]. The number of generations, composition, and charge of the surface are three
aspects in dendrimer structure that induce toxicity and should be resolved before biological applications.
Furthermore, cationic dendrimers have higher harmful effects than anionic or neutral dendrimers via
inducing apoptosis via cell and organelle membrane [61]. The structure of a dendrimer from generation
four is shown in Figure 6.

vy < w Branching
» Units

> {Core
~ [Moiety

Fig 6. The structure of dendrimer of generation four and their different parts [75].

To produce biomimetic drug carriers for targeted drug delivery, significant moieties can be coupled to
reactive terminal groups on the surface of dendrimers. Furthermore, due to dendrimers' unique
monodispersity, these macromolecules could be self-assembled into structures that are similar to natural
proteins, with the capacity to replicate a variety of natural materials [76]. A synopsis of works on
biomimetic dendrimers in drug delivery applications is shown in Table 4.

Table 4. Synopsis of works on biomimetic dendrimers in drug delivery applications [48].

Paleosetal. = Acid Salt Dendrimer Drug Delivery PEG and guanidinium ligand were attached on dendrimers to [77]
enhance the stability and drug release.

Huang etal. | Biomimetic Amphiphiles Multi- Biomimetic multi-armed dendrimers were synthesized to be enabled [78]
Armed Nanoparticles to mimic protein structure.

Singh et al. Folate Folate-PEG-PAMAM FA-PEG-PAMAM dendrimers were synthesized to release 5- [79]
Dendrimers fluorouracil within target cells.

Kurtoglu et Dendrimer—Drug Intracellular The stability of PAMAM dendrimer-NAC was enhanced due to the [80]

al. existence of a disulfide linkage.

Yuan et al. Novel Dendrimer pH-Sensitive DOX and biotin were immobilized on poly(L-glutamic acid) [81]
Targeting dendrimers to create pH-sensitive targeting
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2.5. Biomimetic polymeric carriers

Polymeric carriers have special properties for drug delivery applications, including as facile nanoscale
production, high drug loading capacity, regulated drug release, and surface alteration due to active
functional groups [57]. Cell attachment, cytokine signalling, and endocytosis are all examples of
biomimetic polymers, which are new biomaterial carriers that replicate physiological interactions with the
environment. Furthermore, the physiologically active components of these polymers enable medication
delivery through cell barriers within sick cells. Furthermore, the ideal biomimetic polymeric carrier is one
that may limit unspecific interactions on surface cells while extracting the necessary cellular response,
resulting in the achievement of its goal [82]. Surface coating and modification on biomimetic polymers
are critical for controlling the interactions of specific cells via endocytosis, as shown in Figure 7 [83]. The
optimization of stoichiometry in polymerization processes, as well as the creation of biomimetic
structures, are the foundation issues for determining the specific drug release mechanism and diffusion
model for these polymeric carriers [84]. A synopsis of works on biomimetic polymeric carriers in drug
delivery applications is shown in Table 5.

* Drnug

_~Antifouling
Biomacromolecules —
/e

Endollysosomes ! '

Fig 7. The special ligands on the surface of biomimetic polymeric drug carriers could facilitate the endocytosis and
intercellular drug release [83].

Table 5. Synopsis of works on biomimetic polymeric carriers in drug delivery applications [48].

Zhang et al. Biomimetic Poly (carboxybetaine) A PolyCBMA with a dual-functional property in adsorption or [85]
desorption proteins was fabricated

Duncan Polymer Conjugates Two HPMA copolymers were modified by aminogluthimide and [86]
Lysosomotropic Nanomedicines DOX to improve intercellular drug release.

Oliveria et al. Ca-P Coating Starch-Based CaP coating on starch was utilized to regulate [87]
Biomaterials osteoblastic/osteoclastic cell line activity.

Ho et al. Endosomolytic Pseudo-Peptides One biomimetic endosomalytic polymer was synthesized to improve | [88]
Spheroids Tumor intercellular drug release.

Ekkelenkamp et | Poly(amido amine) Minimal The comparison between two kinds of PAA nanoels was made. [89]

al. Cytotoxicity

2.6. Biomimetic nanostructures

Therapeutic nanoparticles are drug carriers with a size range of 10 to 1000 nm, which is similar to the size
of proteins or DNA [90]. By rolling up inorganic materials (such as graphene) or self-assembling
biomaterials (such as peptides), hollow cylindrical nanotubes can be made [91,92]. Phase separation, self-
assembly, and electrospinning are the three major methods for producing nanofibers with the shape of a
fibre from natural or manufactured polymers. Furthermore, because these nanoparticles are biodegradable
and biocompatible, they have a high capacity for drug loading and cellular uptake [93]. Inorganic
nanoparticles made of materials such as gold, silica, fullerene, and grapheme are also suitable drug
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carriers [61]. A synopsis of works on biomimetic nanostructures such as nanotubes, nanofibers and
nanoparticles in drug delivery applications is shown in Table 6.

Table 6. Synopsis of works on biomimetic nanostructures in drug delivery applications [48].

Authors Brief Title Highlights References
Biomimetic Nanotubes
He et al. Layer-by-Layer Nanotubes Calcium Polyelectrolyte multilayer nanotubes were used to produce calcium = [94]
Carbonate Deposition carbonate into their cavities.
Chen et al. Rosette Nanotubes Dexamethasone Rosette Dex-loaded nanotubes were fabricated to improve [95]
osteoblast proliferation.
Shang et al. Rosette Nanotubes hydrophobic drugs ~ Two kinds of RNTs were comprised as TAM carrier in targeting [96]

drug delivery.
Biomimetic Nanofibers

Freshwater et = Electrospun Dendrimer-Gelatin Electrospun dendrimer-gelatin nanofiber was fabricated to improve ~ [97]

al. Nanofiber Drug Delivery the rate of wound healing.

Anderson et Modulating Gelation Peptide The nanofibrous networks properties of PAs were modulated to be [98]

al. Amphiphiles enabled to mimic ECM.

Kim et al. Peptide Amphiphile Nanofiber Gel The CDDP-PA nanofiber Gel matrix was synthesized to provide [99]
Cisplatin Delivery spatially and temporally intercellular drug release.

Biomimetic Nanoparticles

Palazzoetal. = Hydroxyapatite—Nanocrystals Cisplatin, alendronate, and DPM on the drug affinity for HA [100]
Antitumor nanocrystal were studied.

Sheikh et al. Biomimetic Matrix Nano- The comparison between BSA, CL and PVA matrices for HA [101]
Hydroxyapatite nanocrystal production as drug carriers was done.

Byun et al. Efficiency Sustained Composite The loading capacity and drug release profile of DOX were [102]
Hydrogels Mussel-Inspired promoted by means of HA/GO nanocomposites.

3. Bacteria based drug delivery vectors

Bacteria and viruses have the natural ability to enter the host body, eluding the immune system and
causing powerful connections with their target cells. Pathogens have developed over time to optimise
properties that are similar to those sought by medication delivery vehicles. As a result, scientists have
attempted to get drug-delivery systems from infections in a number of ways.

Some infections have unique bioavailability properties, including the capacity to reach organs that are
often difficult to access, such as the CNS. Pathogen biodistribution is governed by complex but well-
documented molecular mechanisms that entail several interactions with host receptors [103]. Several
bacteria-based treatments have previously been proven to be effective. Plasmids were inserted into the
sacculus of recombinant bacteria (Figure 8a) to create a system that can generate and release these
proteins in situ at the target region [104].

Advances in genetic engineering have made it possible to modify living bacteria to create vaccines for
diseases like Type 1 diabetes [105] and anti-inflammatory medicines for bowel ailments [106]. The
capacity of ghost, nonliving bacteria (Figure 8c) to target particular cells with their chemical surface
features was also studied as a vaccine carrier. A recent application [107] demonstrated the ability of
bacteria-based drug carriers to transport drugs to the brain. Recently, a biohybrid drug-delivery system
based on the Escherichia coli bacteria envelope encasing elliptical disk-shaped polymeric microparticles
was presented [108]. The chemotactic response of hybrid bacteria particles, which present the native
bacterium's tropism, was found to outweigh the effect of body shape on extravascular movement.

Using an attenuated form of the intracellular bacteria Listeria monocytogenes, Akin et al. [109] developed
bacteria-based nanoparticle delivery systems known as 'microbots’ (Figure 8b). Without any genetic
manipulation, nanoparticles containing plasmid DNA were conjugated to the surface of bacteria )via

ISSN 2689-6389 (Print) 16
ISSN 2687-7939 (Online)



IJCAES Vol 3, Issue 2, 2022

biotin—streptavidin interactions, and the microbots successfully entered tumour cells and released
nanoparticles, resulting in subsequent transcription and translation of the target proteins.

Although the bacteria utilised in these applications are typically deemed safe, their immunogenicity is not
always favourable, and various human safety concerns should be evaluated before clinical use. Table 7
shows the current development status of bacteria based drug delivery vectors.

Bacteria

Cytoplasm

|

a Recombinant
bacteria

Therapeutic Nanoparticles
| proteins — Therapeutic

pg. L cargo
A Vs T ™~
A | o
eoid 0% o
@‘ | @ o (]
OO0 O N 2
b Microbots c Bacterial ghost

Fig 8. Biomimetic engineering strategies for bacteria. a) Recombinant bacteria - image in the panel shows
recombinant Salmonella typhimurium internalized in macrophages. b) Microbots - image in the bottom panel shows
Listeria monocytogenes bacteria carrying polystyrene particles. ¢) Bacterial ghosts - image in the bottom panel
shows protein E-lysed Mannheimia haemolytica bacterial ghosts. [110].

Table 7. Current development status of biomimetic bacteria based vectors [110].

Strategies

Recombinant
bacteria

Microbots

Bacterial
ghosts

Key attributes/

capabilities

*Full set of RNA polymerases that
enable expression of various
substances, including antigens,
therapeutic proteins and siRNAs
*Tumour tropism

*No pathogenicity of GRAS bacteria

Carry nanoparticles on the surface of
bacteria

*Neither bacterial disruption nor
genetic manipulation is required
*Take advantage of the invasive
property of bacteria

*No cytoplasmic contents

eIntact surface properties

+Large drug-loading capacity
Natural tropism to various tissues,
including tumours

*Considerable safety and low
production cost
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Applications Current
status

*Vaccine delivery Clinical

«In vivo factory for  trials

therapeutic (Phase 1)

proteins at disease

sites

*RNA

interference-based

cancer therapy

*Gene or protein Preclinical

delivery

*Drug or DNA Preclinical

delivery

*Vaccine delivery

17

Challenges and/or
limitations

«Safety concerns associated
with attenuated bacteria
(reversion to virulence)

Safety concerns associated
with attenuated bacteria
(reversion to virulence)
*Applicability in actual
disease models

*Feasibility with
biocompatible nanoparticles
*Potential immunogenicity
owing to lipopolysaccharide
+Limited in vivo data
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4. Virus based nanoparticles

The self-assembly of capsid or envelope proteins produced from viruses produces virus-based particles.
These carriers are safe since they do not contain natural virus genetic material, and they can be enhanced
by adding peptides and antibodies to the surface [111]. Furthermore, they are capable of demonstrating
the natural tropism of living parent viruses [112]. Their manufacture is simple and inexpensive. Because
the antigenicity of virus-based particles is similar to that of the parent virus, this family of carriers was
designed to deliver vaccines [113]. The human papillomavirus is one of the most misunderstood viruses
(HPV). HPV-like nanoparticles are very comparable to genuine virion and can thus be employed as a
vaccine because they are both safe and immunogenic [114]. HPV-like nanoparticles are utilised in clinical
practise, and the US FDA has approved two commercial treatments (Gardasil, from Merck, and Cervarix
from GlaxoSmithKline).

Virus-based nanoparticles can carry a therapeutic payload within their capsular structure, in addition to
vaccine uses. This type of particle effectively enclosed genes [115], proteins [116], and medicines [117].
Recently, exciting results were reported in research involving virus-like nanoparticles generated from
plants [118,119], which constitute a viable alternative to synthetic particles due to their biodegradability
and biocompatibility.

5. Pathogen based biomimetic strategies
5.1. Pathogen mimicking vaccines

Since soluble antigens have poor immunogenicity, antigen-carrying synthetic particles that imitate the
structure and/or content of microorganisms in a reductionist approach have been developed [120].
Professional antigen-presenting cells (APCs) that internalise particle-associated proteins process these
antigens up to 1,000-fold more efficiently for presentation to CD8+ T lymphocytes (a process known as
cross-presentation) than if the identical extracellular proteins are internalised in a soluble form [121,122].
Antigen presentation to CD4+ T cells is also enhanced, resulting in better T cell support for CD8+ T cell
and antibody responses [123, 124]. As a result, polymer particles such as poly(lactic-co-glycolic acid)
(PLGA) micro- and nanoparticles have been designed to allow for the continual release of antigens within
APCs, which could help to maintain T cell priming in vivo [125].

The size of pathogen influences their spread in vivo in part; virus particles small enough to move freely
through the extracellular matrix are swiftly drained from peripheral tissue locations to lymph nodes,
where main immune responses are generated [126]. Synthetic polymer particles that carry antigens and
are less than 100 nm in size have been found to efficiently reach lymph nodes following injection into the
skin, resulting in more efficient immune responses, by replicating this size-dependent transport
mechanism [127,128].

Internalization of antigens in a particulate form is simply one of many aspects that influence natural
infections' ability to elicit powerful immune responses. Unmethylated cytosine—guanosine DNA (CpG
DNA), double-stranded RNA, LPS, flagellin, and other conserved molecular motifs in the structure of
microorganisms are recognised by immune cells as danger signals, and they engage receptors such as
Toll-like receptors (TLRs). Incorporating defined TLR agonists or other molecular danger signals into
antigen-carrying particles mimics infections' coexistence of antigens and stimulatory signals, promoting
both antibody and cellular immune responses.

Antigen-carrying vesicles have been proposed as a crucial method by which APCs discriminate safe
environmental antigens from true pathogenic threats by delivering danger signals and antigens to a
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common phagosomal compartment [129]. Encapsulation or surface immobilisation has been used to
include pathogen-derived warning signals into synthetic particle vaccinations [130,131, 138].
Components of the host response, such as complement, can also be triggered by antigen-carrying particles.
Pathogens can be detected by intracellular sensors of cellular damage and/or stress, in addition to
stimulating the activation of pattern recognition receptors. It has also been revealed that pathogens
disrupting phagosomes and/or endosomes create a complex intracellular signalling network known as the
inflammasome [132]. Synthetic particles, such as adjuvant alum [133,134] and degradable PLGA
particles [135], have the potential to trigger this system, revealing a hitherto unknown route for the
development of effective vaccination carriers.

Pathogen-mimicking vaccines have shown proven advantages over traditional vaccines in preclinical
investigations, including increased antibody titres and cytotoxic T cell responses [136]. However, this
field is still in its early stages, with only a few investigations in non-human primates and Phase | clinical
trials to yet; future research will decide whether these techniques are useful for therapeutic or preventative
vaccination.

Antigen presentation from a surface and simultaneous presentation of danger signals are two of the most
basic principles of pathogens used in current designs. For these engineered materials to become
extensively employed, the development of easily translatable synthetic and/or manufacturing techniques,
as well as demonstration of enhanced efficacy in patients (as opposed to equivalent performance to
existing adjuvants such as alum), will be required. However, other aspects of pathogen-mimicking
vaccines need to be investigated, especially as more details about host—pathogen interactions emerge.
Future research aimed at gaining a deeper grasp of this landscape will be critical for the field's growth.

5.2. Virus-mimicking particles, including effects of shape

Researchers are adapting viral shapes and functionalities to the construction of synthetic medicine carriers
as their understanding of viral infection mechanisms grows. As tumor-targeted gene delivery carriers,
self-assembled liposomes that mirror viral structures have been produced. Liposomes made of lipids,
transferrin, and DNA have been shown to produce highly compact nanostructures with a uniform size
distribution (50-90 nm); these nanostructures have a multicentre lamellar core structure and a transferrin-
coated membrane, resembling the architecture of envelope viruses like influenza and herpesvirus. The
efficacy of delivering the gene encoding the cellular tumour antigen p53 into human prostate cancer
tumours in vivo [137] was improved by these virus-like transferrin nanostructures.
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Fig 9. Virus-mimicking synthetic drug carriers. a) Virus mimicking nanogels. b)Filomicelles [110].

A pH-sensitive nanogel system with structural and functional characteristics similar to those of a virus has
also been produced [139]. A hydrophobic core and two layers of hydrophilic shells with tumor-targeting
ligands make up this virus-mimetic nanogel. Doxorubicin, an anticancer medication, was put into the
hydrophobic core. PEG was attached to the core polymer (which served as the inner shell) and bovine
serum albumin was bound to the other end of PEG to replicate the capsid-like structure (this functioned as
the outer shell). These virus-like particles were pH-sensitive, so lowering the pH from physiological (pH
7.4) to endosomal (pH 6.4) produced reversible swelling of the nanogel and a size increase from 55 nm to
340 nm, which allowed endosomal escape and doxorubicin release into the cytosol. After the cells were
killed and dissolved by doxorubicin, the nanogels migrated to nearby cells and continued the cycle,
reproducing the virus infection (Figure 9a).

Filomicelles - wormlike filamentous micelles — have been created to take use of the morphological
properties of viruses, as several viruses are filamentous [140] (Figure 9b). The reticuloendothelial system
(RES) is efficiently evaded by the long and flexible filomcelles made of self-assembling amphiphilic
block copolymers, resulting in unusually lengthy blood circulation periods (approximately 1 week).
Filomicelles shrunk tumours more effectively than either the free drug or spherical nanocarriers when
loaded with the widely prescribed anticancer medication paclitaxel. In the coming years, the in vivo
effectiveness of such carriers with nonspherical forms is likely to be investigated further. However, these
techniques are still in the early stages of development, and their clinical value has yet to be established.

In comparison to simple particle carriers, strategies based on emulating the structure of viruses have
proven substantial advantages. The impact of form and flexibility on filomicelle circulation and targeting
is highly promising. The capacity of pH-sensitive nanogels to escape endosomes and infect neighbouring
cells on a continual basis is also encouraging. Overall, these methodologies support the advanced
engineering of viruses into synthetic drug delivery carriers, which goes beyond basic surface alteration,
and they expand the applications of these virus-mimicking particles in targeted drug delivery. However,
these techniques are still in the early stages of development, and their clinical value has yet to be
established. Table 8 illustrates some of the recent advances in this domain.
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Table 8.Current development status of biomimetic pathogen based vectors [110].

*Ability to stimulate immune cells using danger *Vaccine Preclinical *Limited to vaccine [138]
signals from pathogens via pattern recognition delivery delivery
mechanisms

*Co-packaging of danger signals as adjuvants and
antigens for improved immunization

*Capsid-like structure *Targeting in vitro *Vulnerable to immune [139]
*pH-sensitive reversible swelling is followed by tumours recognition

drug release and endosomal escape «In vivo validation

*Ability to migrate to neighbouring cells needed

*Flexible and filament-shaped micelles *Targeting Preclinical *Thorough investigation ~ [140]
*Prolonged circulation time in blood (over one tumours into PK/PD needed

week)

6. Cell based drug delivery vectors

Despite extensive research into innovative synthetic materials, interest in cell-based medication delivery
systems continues to grow. For this use, natural cells and extracellular vesicles made up of endogenous
components appear to be safe and reliable [141]. Circulating cells, such as erythrocytes (RBCs),
leukocytes (WBCs), and stem cells (SCs), have inherent disease-targeting capabilities and can house
active chemicals within their structure. These unusual qualities have prompted researchers to create and
test cell-mediated drug delivery systems in recent years, with promising results.

RBC-mediated drug delivery systems (Figure 10a) have been extensively researched among cell-based
drug carriers [142] because they are easy to extract and load with medicines, both ex vivo and in vivo
[143], and they are stable to store. RBCs are useful for trapping large amounts of medicines because they
have a lengthy circulation duration in the bloodstream (up to 120 days) and a big internal capacity volume
of 185-191 m3 [144]. As a result, as revealed in recent clinical studies [145], RBCs seem particularly
promising, and numerous ways to increase drug encapsulation, such as utilising cell-penetrating peptides
[146] and theirsurface functionalization, are now being investigated [147-149]. Natural RBCs' excellent
tailorability enables for a wide range of uses, including diagnostic imaging [150] and therapeutic action.
One intriguing use of surface-modified RBCs in this field is homeostasis. Erythrocytes have been shown
to speed up thrombus breakdown and allow for thromboprophylaxis in patients at high risk of thrombosis
[151]. RBCs' potential, on the other hand, is mostly expressed as a carrier for therapies, with the goal of
improving the pharmacokinetics and activity of active compounds. Free administration in humans fails in
autoimmune illnesses in several applications, such as antigen delivery, and erythrocytes bypass this
constraint to develop effective and long-lasting immunological tolerance [152]. Erythrocytes do not
extravasate because of their physiological purpose, hence their use in cancer treatment is confined to
situations involving one of the mononuclear phagocyte system (MPS) organs [153] or the elimination of
circulating cancer cells [154].

WABCs (Figure 10b) are immune system cells that play a key role in inflammatory processes, infections,
and a variety of local illnesses. WBCs have a shorter circulation duration than RBCs (up to 20 days), but
their specific functions, which allow for high cellular contacts and considerable tissue penetration,
particularly over physiological barriers, make them appealing for drug delivery applications. Leukocytes
have many activities associated to transport, migration toward inflammatory regions, and attachment to
endothelium wall tissues with tumour cells [155], making them ideal drug carriers for cancer treatment.
Their use in this field is currently confined to the production of biohybrid nanoparticles (which is
discussed in a later section).
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Stem Cells (Figure 10c) can also deliver therapeutic substances to specific regions, taking advantage of
their inherent targeting abilities. Due to their innate tumour tropism [156] and ability to restrict specific
types of metastatic processes [157], SC-based treatments have been successfully employed in the
treatment of cancer. This method offers promise in the treatment of ovarian [158], brain [159-161], and
breast [162] cancers. Oncolytic viruses infecting cells that can transport a therapeutic chemical payload
have been effectively administered using SCs [163]. The employment of cells as a homing system is
particularly important in this scenario for improving virus-based therapeutics. Viruses that target cancer
are highly effective and particular, but their spread is hindered by the immune system. The combination
of oncolytic viruses and SCs is a successful technique for increasing oncolytic viral bioavailability and, as
a result, overall efficiency. Previous studies have revealed some intriguing in vivo results, underlining
SCs' innate proclivity for invasive malignancies [164,165]. Table 9 shows some biomimetic drug delivery
strategies based on eukaryotic cells.

A Red blood cells B Immune cells C Stem cells

Nanoparticles

Aa RBCs as drug carriers

Ab Nanoparticles
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Bb A cellular backpack
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Fig 10. Bioengineered eukaryotic cells for drug delivery [110].

Anticancer

TR o e

N \ & signalling agent
y o 0
& Oo <\ Og ﬁ‘o
C o) A
= () Jay YAYE)

B\ :
y ;3 ( Viral vector

Tumour-targeting stem cells

Ca Human Cb Stem cells loaded
IL-2-transduced with nanoparticles
MSCs

Table 9. Current development status of biomimetic eukaryotic cell based drug delivery vectors [110].

Strategies Key attributes/

Applications

Current status  Challenges and/or References

capabilities

*Prolonged circulation (~120 days)
*Large volume for drug encapsulation
*Ability to carry nanoparticles and
thrombolytics

*Natural homing tendency to disease sites
*Ability to move through the BBB
*Ability to phagocytize nanoparticles

Macrophages
Lymphocytes
Stem cells

*Ability to carry various sizes of particles
*No damage to intrinsic functionality of the
cells

*Gene delivery by genetic engineering
*Natural homing tendency to solid tumours
*Ability to internalize nanoparticles

Drug delivery
*Targeting the RES

*“Trojan horse’
delivery carriers

*‘Cellular backpack’
*Adoptive T cell
therapy of cancer

*Cancer therapy

7. Cell-based bioinspired and biomimetic strategies
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7.1. Biomimetic particles that mimic cell morphology and functions

Biocompatible polymeric particles that mimic RBCs have been investigated (Figure 11A). Layer-by-layer
construction onto a PLGA template was used to create some of these particles, which were designed to
match natural RBCs in size, shape, mechanical flexibility, and oxygen-carrying capabilities [174]. These
polymeric particles could also encapsulate a variety of chemicals, such as medications and imaging agents.
Haghgooie et al. [179] created PEG particles that were able to flow through narrow capillary channels
and mimicked certain elements of the size, shape, and flexibility of RBCCell-based bio-inspired and -
mimetic strategiess. Merkel et al. [175] created RBC-like hydrogel microparticles with tunable elasticity
and discovered that when the modulus of these particles was tuned to that of RBCs (26 kPa) or lower,
circulation time in the blood was greatly increased

A Synthetic RBCs

1.1[.

Aa Protein-based Ab Hydrogel-based Ach
RBC-mimetic | ll les RBC-mimicking Yolyme: I(” l ”‘ t
particles 2 ar

mechanical properties

B Self-identified particles C Platelet-mimicking nanoparticles

Db Nanocells Dc Multicompartmental
particles

Figll. Cell-mimicking synthetic drug particles [110].

A 'marker of self' identification system, in addition to the size, shape, and mechanical flexibility of RBCs,
has been deemed a crucial element that contributes to RBCs' extraordinarily long circulation time (120
days). CD47, a membrane protein found on all cells, has been shown to communicate macrophage
phagocytic activity suppression [180]. In normal mice, CD47-knockout RBCs were promptly removed
from the bloodstream. This ‘marker of self' is now being added to polymer particles in order to prolong
the circulation of nanoparticles in the blood for nanomedicine applications [181,182]. Tsai et al., [176] for
example, used a recombinant form of CDA47's immunoglobulin-like domain to modulate in vitro
phagocytosis (Figure 11B) by attaching it to polystyrene particles. CD47 decrease7d phagocytosis by
human macrophages and monocytes in a dose-dependent manner, according to particle uptake tests. The
incorporation of such a "self-marker" into RBC-mimicking systems and a variety of other particles is
predicted to increase immunocompatibility in vivo. For encouraging haemostasis [183], platelet-
mimicking nanoparticles have also been produced. Synthetic platelets were made from poly-L-lysine
attached to PLGA (PLGA-PLL) block copolymers and functionalized with RGD (Arg-Gly-Asp) peptides,
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which have a specific binding affinity for active platelets (Figure 11C). Synthetic platelets have been
shown to bind to active platelets at the bleeding site and successfully stop bleeding in vitro and in vivo
investigations.

7.2. Particles that mimic compartmental cellular architecture:

The structuring of the cellular machinery inside spatially defined compartments aids the complicated
chemistry and function of live cells. The purpose of early studies of hierarchical drug carrier architectures
that mirror, at a basic level, the compartmental organisation of eukaryotic cells was to develop improved
drug delivery systems capable of sequestering several chemicals within a single particle carrier [184].

Kisak et al. [185] used the reversible vesicle-to-bolster sheet transition to create several internal bilayer-
enclosed compartments, dubbed 'vesosomes' (Figure 11D). Because vesosomes have multiple non-nested
internal compartments with different membrane compositions that encapsulate drugs, drug cargos must
first diffuse through the internal vesicle wall into the cytosol of the vesosome before passing through the
external bilayer, resulting in a sustained release profile (nearly over 10 hours) [177].

Hybrid lipid and/or polymer 'nano-cells," which are based on the encapsulation of biodegradable polymer
nanoparticles within lipid vesicles [178], have been designed to co-deliver two antitumour medicines with
different release kinetics. A doxorubicin-PLGA combination was used to make the nanoparticles, while
combrestatin, an anti-angiogenesis drug, was contained within the surrounding lipid bilayer compartment.
As these intravenously injected particles collected in tumours and induced the collapse of blood arteries
within the tumours, this design aimed for quick release of the anti-angiogenesis agent from the outside
compartment, irrevocably trapping the nanocells within the tumour environment. The remaining tumour
cells were then eliminated by a constant discharge of the cytotoxic doxorubicin cargo from the nanocell's
nuclear compartment. This two-pronged approach significantly slowed tumour growth in comparison to
single drug treatment controls. As a result, this method might be used to a variety of chemotherapeutic
drug combinations with known or prospective treatment synergy.

Micellar structures and multicompartmental solid particles have also been developed. Block copolymers
with numerous different block chemistries that assemble to form stable structures in water are used to
create multicompartmental micelles [186,187]. Multiple therapeutic cargos with different physical
properties can be sequestered within discrete nanoscale zones of individual micelles using these structures.
Microfluidic reactors [188,189] and emulsion spray-drying methods [190] have been used to create
particles with well-defined 'core-shell' architectures on the micrometre scale which offers concentric
compartments for loading of drugs.

Electrohydrodynamic spray-dying techniques [191,192], in which controlled phase separation in polymer
solutions is employed to build complex multicompartmental particle formations, can access more
complicated morphologies. Using techniques such as continuous- and stop-flow lithography [193,194],
methods for fabricating hydrogel particles with defined internal compartments of varying composition
and chemistry have been demonstrated; these methods allow for the synthesis of monodispersed
microparticles with well-defined internal structures. Although efforts utilising tailored micelle and
polymer particle architectures are less progressed in terms of medical applications than lipid vesicle-based
strategies (described above), they may provide unique features not available in simple phospholipid-based
materials.

Engineering methods have advanced and more sophisticated particles have been constructed as the
importance of carrier features (such as size, shape, mechanical flexibility, surface property, and internal
architecture) in particle—cell interactions for drug delivery has been revealed. As a result, scientists have
begun to mimic the morphologies and functions of cells in order to benefit from them. As a result,
particles capable of partially imitating known cell features have been produced. RBCs' size, shape, and
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mechanical characteristics, for example, have been merged into biocompatible particles, but their internal
structure and CD47 — a critical maker for surface recognition — have yet to be mixed. To build and
enhance specialised drug delivery carriers for specific applications, key desirable features of multiple
cells or pathogens can be integrated into a single synthetic particle. Synthetic particle systems that imitate
cells will offer enormous potential for future drug vector delivery systems as our knowledge of known
critical cellular features expands. Table 10 summarizes recent advances in cell based biomimetic and
bioinspired strategies.

Table 10. Current development status of cell based biomimetic and bioinspired strategies [110].

References

Challenges and/or
limitations

Strategies Key attributes/ Applications Current
capabilities status

Cell mimetics

Synthetic *Ability to mimic shape and mechanical property of *Drug delivery  Preclinical *Vulnerable to immune  [174,175]

RBCs RBCs *Component recognition

*Drug-loading ability of *Detailed in vivo
*Oxygen-carrying ability artificial blood validation needed
Self *Membrane protein that is derived from RBCs *Evasion of in vitro Limited resource [176]
marker *Contributes to self-recognition of RBCs by RES

CD47 RES, thus enabling prolonged circulation time
Compartmentalization
W[k sLiposomes within a liposome: distinct inner *Drug delivery  Preclinical *Vulnerable to immune  [177]

compartments separated from the external membrane recognition
+Sustained release profile «In vivo validation
needed
Nanocells *Polymer nanoparticles within lipid vesicles *Cancer Preclinical *Vulnerable to immune  [178]
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Fig 12. Bioengineered, bio-inspired and biomimetic systems. Recent advances in the synthesis of novel materials
and understanding of biological systems have paved the way towards bridging the gap between synthetic and
biological systems [195].

8. Biomimetic hybrid nanoparticles

Natural cells have obvious capabilities, but disadvantages in terms of safety, stability, and preparation
methods effectively limit their usage as drug carriers. Biomimetic hybrid nanoparticles have attracted a
lot of attention in recent years. Developing innovative therapeutic nanocarriers for targeted delivery by
mimicking unique properties of natural cells or organisms is a strong strategy (Figure 12). latrogenic
effects are limited when good biomimetic nanoparticles are delivered without eliciting strong responses in
the host body. Host responses cause MPS activation, complement activation, and immunological
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hypersensitivity reactions after injection. The usage of biomimetic hybrid nanoparticles has the advantage
of limiting the activation of mechanisms that produce side effects in patients and resulting in rapid
exogenous nanoparticle clearance. A drug-based immune suppression decreases the host response in non-
biomimetic nanoparticles. Traditional nanocarrier-mediated targeted drug delivery techniques relied
mostly on synthetic nanoparticles encasing the medication. In the last ten years, a new technique that
mixes artificial and biological materials has gained traction, resulting in greater biocompatibility and
functional properties [196]. The unique qualities of the final structures are created by combining the
peculiar characteristics of artificial (e.g., tailorability of chemico-physical properties of nanoparticle bulk

and surface) and biological (e.g., functions, target-specific recognition) materials. Several techniques to
drug administration and diagnostics yielded promising outcomes.

By constructing a protein cage around the synthetic structure, biohybrid nanoparticles can be created. Liu
et al. [197] created a core/shell system consisting of gold nanoparticles that were trapped within a virus
protein shell from the cowpea chlorotic mottle virus with great effectiveness (up to 97%, depending on

the working conditions).
Coating or deooraﬁon}
with proteins Artificial materials:
= Inorganic (gold, silica,

oxides ...)
« Organic (synthetic
polymers)

Natural materials:

* Protein particles

* Liposomes

« Natural polymers
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« Core/shell (artificial particles
embedded in cells, pathogen

envelopes ...)
1=

Biological carriers:
 Cells (e.g., RBCs, WBCs, SCs ...)
* Pathogens (bacteria, virsuses)

Fig 13. Schematic depiction of the contribution of several groups of materials and carriers to the creation of
biohybrid carriers [195].

Nanoparticle encapsulation within natural cell membranes [198], resulting in cell membrane wrapped
nanoparticles, is another technique to disguise particles using biological materials. Cloaked nanoparticles
(Figure 14) made of inorganic or polymeric materials are encapsulated within intact cell membranes,
resulting in a core/shell biohybrid structure. Copp et al. [199] described the use of biodegradable
PEGylated nanoparticles made of poly(lactide-co-glycolide) and encapsulated within intact RBC
membranes for the selective clearance of disease-causing antibodies while minimising therapy-related
side effects. The significant affinity between RBC membrane decoys and pathogenic antibodies was
exploited by core/shell nanoparticles, which halted the pathological process. This strategy is effective in
customised medicine because of the nonspecific absorption process, which is useful when the trigger
differs from patient to patient (e.g., in antibody- mediated autoimmune diseases). Interesting studies on
RBC membrane-cloaked drug carriers have been reported in the literature, with potential uses as
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nanovaccines [200], on-demand targeted drug delivery systems activated by an external stimulus [201], or
in cancer treatment to improve the pharmacokinetics of routinely used drugs [202].

This method has lately sparked research into functionalizing cell membrane surfaces in order to improve
carrier qualities beyond those of natural cells. Synthetic functionalization procedures have been shown to
be effective in achieving this goal [203,204]. This approach effectively slows carrier clearance in
systemic circulation, minimising immunological response and increasing targeting qualities, despite the
fact that it has not yet been consolidated due to some safety concerns.

Q

(? O 2
- g —
O
d E 4

Drug-loaded Cell membrane Cell membrane-coated
particle and its biochemistry particle

Fig 14. Preparation of cell membrane cloaked artificial nanoparticles: drug-loaded nanoparticles are immersed
in intact cell membranes during the method, resulting in a system with biochemical surface properties of the cell
membrane as well as drug delivery capabilities of the polymer platform [195].

8.1. Increasing circulation time and reducing immunological response

PEGylation is the most widely used technique for extending the half-life of pharmacological carriers.
Polyethyleneglycol (PEG) is chemically or physically conjugated to the surface of nanoparticles [205].
This functionalization has been shown to inhibit opsonization and limit MPS clearance in numerous
studies. PEGylation was effectively introduced in clinical goods [206], with positive results in the first
dose but significant downsides in subsequent administrations [207], prompting researchers to investigate
other options. Different hydrophilic synthetic compounds, such as zwitterionic units, (such as
poly(carboxybetaine) [208], poly(sulfobetaine) [209]) hydroxyl groups [210], dendritic polyglycerol
sulfate [211], polyoxazolines [212] and other additional natural polymers [213,214] are viable alternatives
to PEGylation. Chemical functionalization or coatings are achieved using the cited functional units.

Cell biology has revealed some viable approaches to artificial functionalization for increasing carrier half-
life. The most common cells in human blood are red blood cells (RBCs). They have their own geometry,
size, mechanical qualities, and molecular composition, all of which have been tailored to achieve their
specialised biological performance. RBCs are long-circulating cells, which is why they were chosen as a
model for developing better delivery platforms. Synthetic approaches proved useful in the creation of
polymeric particles that replicated the size, shape, and mechanical stiffness of RBCs [214], as well as
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mechanical thin film stretching [215], electrospraying [216], and particle replication in non-wetting
templates [217, 218]. Although RBC-shaped drug carriers have the potential to improve bioavailability,
reproducing the complex surface features of RBCs in vitro is a significant barrier to overcome in the
development of fully RBC-mimicking drug vectors. The core/shell particle preparation method, in which
the shell is the natural RBC cell membrane, appears to be the most promising. The complicated
biochemical RBC structure is completely translocated to nanoparticles in this manner. Hu et al. [219]
confirmed this by finding the same CD47 density in biohybrid particles as natural RBCs (the surface
protein that determines their long half-life in the bloodstream [220]). In iron oxide-based nanoparticulate
systems, the camouflage with RBC cell membranes efficiently decreases MPS activation, resulting in
superior in vivo biodistribution than PEGylated nanoparticles [221] and much decreased nonspecific
macrophage uptake in mice [222]. The topological influence of the nanoparticle core on cell membrane

protein distribution is an additional benefit. As a result of interface interactions [223], cell membrane
proteins are induced to position themselves out of the RBC membrane after encapsulation in the presence
of hydrophobic core particles. It keeps the biological features of the cell envelope.

WBC-based particles also have a longer circulation period. Parodi et al. [224] created and tested
leukocyte-like nanoparticles with a nanoporous silicon core and a leukocyte cell membrane-derived
exterior shell. The obtained results revealed that the orientation of leukocyte transmembrane proteins was
unaffected by core encapsulation. In compared to uncloaked nparticles, prepared leukocyte-like
nanoparticles had a tenfold slower opsonization and delayed MPS absorption. The end result was a
significantly longer half-life and more accumulation at the target spot. Platelet-cloaked nanoparticles, like
erythrocyte- and leukocyte-coated nanoparticles, can decrease the immune response and limit
phagocytosis after injection [225].

8.2. Improving targeting properties

Biohybrid nanoparticles with biological components boost their ability to target different illnesses.
Biohybrid nanoparticles functionalized with WBC cell membrane show great promise in cancer treatment.
Due to inherent propensity of immune cells to target inflamed vasculature and extravasate across the
endothelium, Palomba et al. recently demonstrated that nanoporous silica nanoparticles encapsulated in a
leukocyte cell wrap improved tumour vascular permeability [226]. He et al. [227] found that Janus
nanoparticles half-coated with leukocyte membrane had a higher absorption in cancer cells, indicating
that they can distinguish between different types of cancer cells. A similar approach has shown to be
effective in the photothermal treatment of cancer [228]. The use of macrophage cell membrane coated
gold nanoparticles for cancer photothermal therapy was recently reported by Xuan et al. Using the
camouflage of macrophages [229], coated particles accumulated in cancer cells in vivo. When compared
to RBC-coated nanoparticles, this method provided active drug targeting and more efficient accumulation
due to the unique identification of tumour endothelium by nanoparticle envelops. Similarly, macrophage
cell membranes were employed to wrap mesoporous silica nanoparticles, resulting in increased
circulation time and tumour accumulation, as well as active drug targeting in cancer cells for doxorubicin
delivery [230].

Cancer cell membrane coated nanoparticles are another difficult strategy for cancer targeting. The
homologous binding adhesion molecules in this cell membrane have been functionalized in a way that
makes them appropriate for the creation of theranostic nanoparticles for photothermal cancer therapy
[231]. Although the impressive results of Chen et al. should be applied to this type of nanoparticle, this
strategy has not yet been completely explored in drug-delivery systems. Fang et al. [232] recently
published a key study in this sector, proposing an anticancer vaccine based on poly(lactide-co-glycolide)
degradable nanoparticles coated with mouse melanoma cells. The same cell adhesion of source cells was
seen in prepared nanoparticles, with better cell-specific targeting. While most instances focus on targeting
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cancer cells in specific districts, Li et al. reported a biomimetic technique that uses platelet membrane
functionalized particles [233,234] to inhibit metastatic activities. This is a novel method based on the
discovery that activated platelets are physically connected with blood-borne cancer cells in the blood flow,
where cancer cells circulate. A tumor-specific apoptosis-inducing ligand cytokine was conjugated to
activated platelet-coated silica particles. When the particles attached to circulating tumour cells, they
overactivated platelets, which in turn stimulated immune cells that kill cancer cells in the bloodstream.
Platelet membrane coated polymer particles have also been produced for drug co-delivery in the treatment
of myeloma and thrombus formation reduction [235]. A targeting ligand (alendronate) was used in this
example to allow for the precise accumulation of drug-loaded vectors at the diseased region, reducing off-
target deposition.

9. Clinical trials and market

The translation of drug-delivery nanoparticles from bench to bedside is expanding as manufacturing
techniques improve, with a growing number of clinical and preclinical investigations. In humans, research
is necessary to understand particle/cell interactions and the efficacy of built systems. Since the mid-1990s,
there have been roughly 13 nanoparticle drug delivery systems approved, including 51 new
pharmaceuticals. Liposomal and first-generation polymer nanoparticles are commonly used in approved
clinical trial systems [236].

The therapeutic development of long-circulating nanoparticles is well progressed. Open clinical studies of
long-circulating nanoparticles, mostly PEGylated compounds, were evaluated in a recent report.
Clinically tested systems are mostly employed in the treatment of cancer and contain chemotherapeutic
drugs that are already in use in clinical practice (e.g., paclitaxel, docetaxel and doxorubicin). Renagel
(Sanofi S.A., Gentilly, France), a non-PEGylated stealth nanoparticle system made of poly(allylamine
hydrochloride), is the only example of a non-PEGylated stealth nanoparticle system for the treatment of
chronic kidney disorders [237].

Only a few biological carriers, on the other hand, have been approved for clinical studies, and they only
account for bacteria-derived nanocells. The TargomiRs [238] are a fascinating biomimetic technology
that is currently undergoing a clinical Phase | trial. This technology consists of tailored bacterial minicells
that release miRNA for use as a replacement therapy in patients with thoracic cancer. This study (trial ID:
NCT02369198) uses EnGenelC Ltd's EDVTM nanocells technology, which has already been tested in
vivo for the delivery of chemotherapeutic drugs [239], siRNAs [240], and miRNAs [241] in preclinical
investigations. The same delivery system, loaded with doxorubicin and targeting EGFR, is currently
being tested in a Phase | clinical trial for the treatment of recurrent glioblastoma multiforme (trial ID:
NCT02766699), while EDV loaded with mitoxantrone is being tested in a Phase | trial for the treatment
of refractory solid and CNS tumours in children (trial ID: NCT02687386).

10. Conclusion

Targeted drug delivery has undeniably grown in relevance over the years. Overcoming physiological
obstacles and reducing off-target drug deposition are two goals that biomimetic nanoparticle vectors can
help with. Biomimetic nanoparticles, whether natural, synthetic, or biological in origin, offer a number of
advantages for improving the pharmacological action of active compounds, including increased
biodistribution, extended circulation time, and greater biocompatibility. Preclinical studies have been
focusing on artificial, hybrid, and cell-based systems, and the combination of biological materials with
synthetic nanoparticles appears to have a synergistic influence on numerous carrier characteristics.
Preclinical findings are promising, indicating that the method has the potential to improve medication
pharmacokinetics. With the discovery of new materials and cellular systems, materials science and cell
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biology are helping to improve biomimetic features. The development of biomimetic hydrogels with
cellular microenvironments that approximated the ECM proved to be extremely beneficial in terms of
localised drug delivery. The physicochemical features of biomimetic micellar carriers have been
improved. The stable micellar structure provided total protection for loaded pharmaceuticals until they
reached their target sites, as well as facilitating cellular absorption to sustainably release medications.

The biomimetic alteration of liposome surfaces and biomimetic liposome fabrication methods improved
therapeutic liposomes' ability to target drug administration by improving the EPR effect. Intercellular
drug uptakes for targeted drug transfer have been promoted in biomimetic PAMAM dendrimers.

Biomimetic polymeric carriers have made it easier to endocytose for intercellular drug release. Other
biomimetic nanostructures based on organic and inorganic materials (hanocomposite drug carriers) have
dramatically improved drug loading capacity, cellular uptake, and drug release profile. The obtained
results were primarily proved in vitro and in animal experiments, and their widespread translation into
clinical trials requires additional research.

Challenges

The field of biologically inspired drug carriers is still in its early stages, and there are a number of
obstacles to overcome. First, the techniques required for the production of such carriers, such as genetic
engineering or ex vivo therapies to manufacture or include therapeutic substances, make maintaining the
integrity of natural particles, particularly eukaryotic cells, challenging. For example, during ex vivo
engineering, the surface integrity of RBCs, which is necessary for their sustained circulation, may be
damaged, resulting in a more rapid removal of the drug from the blood. As a result, more optimization is
needed to reduce structural changes and improve delivery.

Second, delivery vectors based on pathogens like bacteria and viruses have the potential to be
immunogenic. Due to their adjuvant capabilities, pathogen-based carriers with a certain level of
immunogenicity can be excellent for vaccine administration. However, in uses other than vaccine delivery,
pathogen-based carriers’ immunogenicity always raises safety issues. The immunogenic components of
pathogens must consequently be eliminated or rendered inactive, and their in vivo safety must be
thoroughly addressed. However, there are certain GRAS bacteria, such as food-grade and commensal
bacteria, that are devoid of safety difficulties and hence have the potential to move forward with clinical
applications until other pathogen-based systems' potential safety issues are resolved.

Future prospects

Some of the most recent attempts to improve drug delivery have focused on simulating key characteristics
of biological carriers in synthetic systems, such as physical morphologies (such as shape, structure, and
cellular compartments), self-markers (such as CD47), and molecular danger signals (such as TLRs). To
satisfy the complexity of the requirements, a better understanding of the delivery mechanisms utilised by
biological carriers is required, as well as improved synthesis techniques that will allow this understanding
to be applied to synthetic systems. Combining the advantages of synthetic systems — such as
controllability and mass manufacturing — with the exceptional delivery functions of biological systems,
on the other hand, has a lot of promise for the advancement of successful targeted drug delivery methods.

The following points are suggested for development in clinical applications of biomimetic nanoparticles
for targeted drug delivery:

1. A thorough grasp of drug release kinetics from biomimetic drug carriers, as well as ways to
optimise them.
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2. In-depth knowledge of particular and non-specific interactions in the microenvironment of cells.

3. Simulating real-world imbalances in a biological environment to explore how these biomimetic
carriers react to challenges.

4. Concentration on in vivo investigations of materials whose benefits outweigh their drawbacks.
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Abstract

Eutrophication in aquatic system is the proliferation of undesirable algae excessively by the influence of enriched
level of nutritional elements. It may occur naturally and anthropogenic influences. Literature survey reveals that
large numbers of undesirable consequences are there in course of eutrophication which has been termed as pollution
menace because of reduction of ecosystem services with increase in biomass, decrease in biodiversity, appearance of
anoxic state and unhygienic situation and also fish killing. But in the present study it has been highlighted that this
could be thought of as very essential phenomenon that acts as benediction of nature to the biotic life of this earth.
All these adverse effects in eutrophication are favorable for the process of carbon sequestration that reduces the
green house gas content in the atmosphere, keep oxygen-carbon-dioxide balance and control climate change. In
anoxic state, the rate of microbial degradation of organic matter decreases sequentially, produces harmful gases to
reduce the food chain such that most fraction of organic matter is not further used or decomposed by respiration but
could be sequestered in sediments and may buried to produce fossil fuel in the long run. Thus this phenomenon
could be ascribed as the one of the most important methods for long-term storage of carbon-dioxide or other forms

of carbon to either mitigate or differ global warming for avoiding the adverse effects of climate change.

Key-words: Eutrophication, Negative effects, Positive effects, Assessment.

Introduction

Eutrophication is originated from the Greek word °eutrophos’ meaning a well-nourished
condition of an ecosystem[1]. It is defined as the process of enrichment of minerals and nutrients
in the aquatic systems progressively. It can also be defined as the process in which excessive
growth of plant or algal bloom is there due to presence of large amount of dissolved nutrients of
the elements Phosphorous (P) and Nitrogen (N) in the system [2,3]. Eutrophication is of two
types, natural and cultural or anthropogenic. Natural eutrophication occurs slowly on geological
time scales [4] in which nutrients are introduced by organic matter degradation and from mineral
rock scavenging by the action of lichens, mosses and fungi (5). Anthropogenic or cultural
eutrophication is often a much more rapid process in which nutrients are added to a water body
from any of a wide variety of polluting inputs including untreated or partially
treated sewage, industrial wastewater and fertilizer from farming practices containing excess
nitrogen or phosphorus nutrients which, stimulate algal and aquatic plant growth.

The phenomenon, eutrophication has been considered as serious threats for its disruption in
ecosystem services, could cause a great source of pollution in the aquatic systems including
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freshwater, terrestrial and coastal areas [6]. The World Resources Institute has mentioned that
there are 375 hypoxic coastal zones in the world, situated in coastal areas in Western Europe, the
Eastern and Southern coasts of the US, and East Asia, particularly in Japan [7]. Moreover studies
have also highlighted that about two thirds of USA’s coastal areas and Bays are affected by this
phenomenon. The United Nations Environmental Programme [8] has marked that about 146
numbers of areas in the vicinity of coast have been affected as oxygen starved zones in the
world. Besides, it has also been assessed that the fish production in inland and brackish areas has
reduced significantly after the cultivation only a few years due to this event. For this, concerted
efforts are there to adopt the strategy to cope with this problem by means of eco-restoration for
the stability of these ecosystems. The state of eutrophication experiencing a ecosystem is
distinctly manifested through changes of some water quality components of biological and
chemical origin [9,12]. During the literature survey on the effects of eutrophication, it has been
identified that it is always and everywhere treated as pollution with harmful effects [10,11] to the
society as well as to the mankind with no positive role. But, this event occurs in nature and it is
true that any phenomenon occurring in nature must have some positive roles to play.

Present study is an attempt to highlight the important aspects of other phenomenon that play vital
role for the protection of our immediate environment through the process of carbon sequestration
by which excess green house gas in the form of CO> is removed and keep O.-CO; balance in
the atmosphere.

Maledictions:

The maledictions could be termed as pollution effects or negative effects that appear to the
human society because human beings always deserve for the inherited benefits from the aquatic
ecosystems. If there are any negative or harmful consequences imparted by the natural system
that affect their gains then, these are subscribed as curse or maledictions. Nutritional elements
may be introduced in the water bodies from various point and non-point sources (Figl).
Opportunistic algae can able to utilize the abundant nutrient by some special mechanisms [12]
and proliferate extensively and sometime changes the color (Fig-2) depending on the population
density of the algal components. As more plant material becomes available as a food resource,
there are associated increases in invertebrates and fish species.

As the process continues, the biomass of the water body increases but biological diversity
decreases [10,11]. The visible effect of eutrophication is often nuisance algal blooms that can
cause substantial ecological degradation in water bodies and associated streams [7]. With more
severe eutrophication, bacterial degradation of the excess biomass results in oxygen
consumption, which can create a state of hypoxia at least in the bottom sediment and deeper
layers of water. This anoxic environment Kills off aerobic organisms (e.g. fish and invertebrates)
in the water body (Fig-3). This also affects terrestrial animals, restricting their access to affected
water (e.g. as drinking sources). Selection for algal and aquatic plant species that can thrive in
nutrient-rich conditions can cause structural and functional disruption to entire aquatic
ecosystems and their food webs, resulting in loss of habitat and species biodiversity.[10,11].
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Fig-2. The changing of color of the aquatic systems due to various algal developments during eutrophication.
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Adverse effects of eutrophication on lakes, reservoirs, rivers and coastal marine waters are as
follows.

Increased biomass of undesirable phytoplankton with severe reduction in water quality
like decrease in sunlight penetration, increase in turbidity, release of cyto-toxine to kill
the other algal community.

This result in decrease in diversity of aquatic organisms and ultimately reduce the food
chain.

Biomass of macrophytic, benthic and epiphytic algae also increased abruptly.

Disrupt normal functioning of the ecosystem.

Water becomes cloudy and decreases in water transparency, taste and odor.

Create problems in water treatment for various colors like shade green, yellow, brown, or
red due to presence of various types of algal community.

Lack of aerial oxygen in water due to microbial degradation of dead algae.

The incidences of fish killing increased.

Decreases the resource values of the water bodies like aesthetic values, recreation,
fishing, hunting etc.

Produces bad odor due to anaerobic microbial degradation of organic matter producing
phosphin (PHs), ammonia (NHs), hydrogen sulfide (H.S) and the green house gas,
methane (CH.).
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e Occurrence of health related problems.
e The aquatic systems become unhygienic.

Benedictions:

The benedictions of eutrophication could be the positive effects that are beneficial to the
mankind and this chiefly happens through another natural process of carbon sequestration (CS)
by which long term storage of CO> or other forms of carbon takes place. It has been advocated
[13] that CS could be the most effective natural method to remove the excess green house gases
(CO2) either to mitigate global warming as well as climate change [14]. Major sink of carbon
takes place by gradual deposition of organic matter in soil or sediments in the form of surface
litter or bottom deposition in aquatic bodies and soil organic carbon pool is about 4.2 times the
entire atmospheric pool and about 5.7 times the biotic pool [15].

It has been known that Eutrophication causes anoxic condition due to utilization of dissolved
oxygen present in aquatic medium by microbial community for degradation of enriched organic
matter and ultimately results in anaerobic condition of the system. The appearance of this state
may be natural or manmade and if natural, then it must have some sorts of necessity in this
natural ecosystem with some positive implication for the sustenance of biotic community on this
earth. Although, during its appearance, there may have some undesirable consequences at the
initial stage but it must have to overcome some stresses imparted on the ecosystem that would be
relieved at the end through the attainment of dynamic equilibrium state. Because, the nature can
meet all the demands necessary of survival of life but cannot quench the greed of all life forms,
specially the human beings and as a result, eutrophication is known to be enhanced at a high
rate by anthropogenic activities.

At this anoxic condition that appeared by natural or manmade sources, the anaerobic bacteria can
sustain by taking oxygen from the oxygenated compounds present in combined form like nitrate
(NOs), manganese oxide (MnO.), sulphate (SO4) and carbon-dioxide (CO.) and for this, these
oxygenated compounds are termed as alternative electron acceptors[16,17]. These compounds
are reduced to produce the end products like ammonia (NHs), mangnic (Mn*™) of MnO; to
manganus (Mn*2), hydrogen sulfide (H2S) and the green house gas methane (CH.) respectively.

2NOs+10 e + 12 H* — Nz + 6H0,
This reaction occurs at a redox potential of 250 mV.

MnO; + 2e” +4H" — Mn % +2H,0,
At redox potential of 225 mV,

Fe(OH)s + & + 3H* — Fe 2* +3H:0,

S04 + 8¢ +9H" — HS "+ 4H,0,
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At extreme reduced condition below the redox potential -200 mV
CO.+8¢e +8H" — CHs +3H20.

At this, some extra energy is used up by the microbes to avail this bound form of oxygen and
these results in slow rate of organic matter degradation in comparison to the aerobic degradation
process performed by aerobic or facultative bacterial community [18]. Besides, all these electron
acceptors are used in a definite sequence depending on the gradual decrease in Gibbs free energy
and redox potential values (16) and as a consequence, the organic matter decomposition rates
also decreases as follow order..

NOs reduction rate > Manganese reduction rate > Ferric reduction rate > Sulphate reduction rate
> CO; reduction rate.

The intensity of anaerobic state is usually expressed in terms of redox potential values. At the
extreme redox zone, CO: is reduced by methane forming bacteria [20] and this rate is the
slowest. These biochemical reactions are very sensitive, substrate specific and depend on any
change in environmental condition [21].

From the above discussion it is clear that anaerobic state provides large amount of organic matter
may be degraded or partially degraded form. There are several mineralization steps at anaerobic
condition occurring sequentially with higher to lower rates of biochemical transformation. It then
appears that the significance of this sequential decrease in rates is to permit sufficient time for
the system. Within this period, dissolved organic matter in aquatic phase may undergo
polymerization to form macro molecules and get deposited at the bottom sediment under the
influence of flocculation and sedimentation [19, 22]. On the other hand, in anaerobic condition,
the end products of these biochemical reactions are toxic in nature (NHs, H2S etc). These toxic
substances might play harmful effects to the higher trophic level organisms for their survival and
ultimately may Kill them. As a result, the length of food chain is reduced. At this, the respiratory
loss of carbon in the form of CO> is minimized. All these incidents take place in order to reduce
the loss of organic matter through microbial decomposition. This obviously provides opportunity
to the present organic matter to accumulate and ultimately buried in the soil and may undergo
digenesis by the influence of high pressure and temperature to form fossil fuel in the long run.
Hence the anaerobic state might be regarded as very important natural condition which appears
as a result of enrichment of organic matter or nutritional elements that eventually produce
organic matter through eutrophication. This leads to natural carbon sequestration in any aquatic
system. Hence, the larger the tenure of anaerobic state the more will be the removal of organic
matter from the sedimentary environment. Hence, the phenomenon of eutrophication may appear
to sequester the prevailing enriched source of organic production to reduce the green house gas
level and control the climate change making the balance between O, - CO> cycle in nature and
serve as benedictions.

Conclusion:

Eutrophication is a phenomenon of the aquatic body in which undesirable algal blooms takes
place by the influence of excess amount of nutritional substances. It causes so many harmful
consequences which are not at all desirable to our human society because of loss of various
ecosystem services, appearance of anaerobic conditions; reduce in biodiversity, Killing of

ISSN 2689-6389 (Print) 47
ISSN 2687-7939 (Online)



[JCAES Vol 3, Issue 2, 2022

animals, unhygienic state etc. Along with this, present study emphasizes the positive roles of this
phenomenon that may play as benediction of the nature on the biotic life in this earth. All those
harmful effects as observed during eutrophication may create great favorable condition in the
aquatic system for carbon sequestration through deposition of organic matter in bottom
sediments and ultimately buried in soil to produce fossil fuel in the geologic time scale. Thus this
phenomenon could be ascribed as the one of the most important methods by which long-term
storage of carbon-dioxide or other forms of carbon can take place in order to either mitigate or
differ the great menace of global warming and avoiding the adverse effects of climate change.
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Abstract

Working memory (WM) deficiencies in patients with schizophrenia (PSZ) are thought to be caused by PFC
dysfunction, but few research have looked at non-manipulated measures of WM storage. Storage capacity is
more closely tied to the posterior parietal cortex (PPC) than the frontal cortex (PFC) in neurotypical people,
suggesting that impairments in WM storage capacity in schizophrenia that are associated with widespread
cognitive deficits may be related to neuronal activity in the PPC. While receiving fMRI, 37 PSZ and 37 matched
healthy control volunteers of both sexes conducted a change detection test with varied set sizes. The assignment
was created to emphasis WM storage while requiring minimal top-down management. BOLD activity correlated
with the number of items kept in WM (K), as determined by task performance at a particular set size, according
to whole-brain analyses. Independent of set size, K values predicted BOLD activity in the PPC, including the
superior and inferior parietal lobules, intraparietal sulcus, and middle occipital gyrus, across groups. In the left
PPC, whole-brain interaction analysis revealed that PSZ had much less K-dependent signal modulation than
healthy control participants, a finding that could not be explained by a smaller K value range. The slope between
K and PPC activation accounted for 43.4 percent of the variations in broad cognitive performance across groups.
These findings suggest that PPC dysfunction is linked to WM storage abnormalities in PSZ and may play a role
in schizophrenia's widespread cognitivedeficiencies.

Keywords: working memory; schizophrenia; fMRI; posterior parietal cortex

Introduction

Working memory (WM) impairments are thought to be a key component of the cognitive
deficiencies linked to schizophrenia. WM, on the other hand, is a complex construct that entails
both short-term information storage and active modification, prioritizing, and rehearsal of that
information. The majority of functional neuroimaging protocols used to investigate the basis of
WM abnormalities in schizophrenia included manipulating stored content or allowing active
rehearsal, integrating the storage and executive control parts of WM. The bulk of these
investigations found anomalies in PFC recruitment in persons with schizophrenia (PSZ).

These PFC anomalies may indicate defective WM executive control mechanisms rather than
WM storage, according to basic cognitive neuroscience research. The importance of PFC in
executive control activities in healthy people is well known; fact, these functions have been
proposed to explain most observations of persistent PFC activity during delayed-response task
retention.
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Individual variations in PFC recruitment can predict WM storage capacity, although this
appears to be due to the action of top-down storage resource management systems. Intraparietal
sulcus (IPS) and occipital activity patterns, on the other hand, better indicate storage capacity
restrictions in general. There is significant evidence that PPC-based processes are fundamental
to WM storage, regardless of whether they influence item representations or the preservation of
attention over things whose attributes are represented in sensory cortex.

Pure indicators of storage capacity (the number of representations that can be retained
simultaneously in WM) have been found to be significantly lower in PSZ compared to healthy
control individuals (HCS) in recent years. In both PSZ and HCS, WM storage capacity
predicted global cognitive skills, accounting for 40% of the between-group variation in
intelligence and cognitive areas relevant to schizophrenia. These findings are based on visual
change detection tasks, which stress WM storage processes (i.e., material encoding and
maintenance but not manipulation) and are not favourable to verbal rehearsal tactics. A test
array is offered after a brief presentation (100—200 ms) of a varied number of items, followed by
a short retention interval and then a test array. Participants must indicate if the test array
matches the sample array exactly or if one item has altered.

Basic cognitive neuroscience validated the PPC as a crucial factor of WM storage capacity
using this paradigm. Activation of the IPS and intraoccipital sulci, but not the PFC, was linked
to the amount of items kept in WM and individual variations in WM capability in fMRI
investigations. These findings are supported by persistent event-related potentials (ERPS), which
appear to emerge from PPC and whose size is proportional to the number of things kept in WM
and asymptotes at an individual's storage capacity. In PSZ, the ERP impact is diminished. PPC
dysfunction was commonly reported as part of wider network abnormalities in schizophrenia in
fMRI studies utilising multiple cognitive tasks; nonetheless, PPC dysfunction has never been
considered a critical component.

The goal of this work was to identify the neuroanatomical correlates of WM storage capacity
deficits in schizophrenia, with PPC being a key player.

Materials and Methods
1.1 Subjects

Forty outpatients are scheduled to gather. The fourth edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-1V) This research included 41 people who met the criteria
for schizophrenia or schizoaffective disorder (N 7) and 38 HCS. A best-estimate technique was
used to make the diagnosis, which included information from a Structured Clinical Interview for
DSM-1V (SCID) and a review of medical data. Due to significant head motion (criterion
described below), data from 1 HCS and 3 PSZ were omitted from analysis, leaving N=37 per
group. The demographic features of these participants are summarised in Table 1. PSZ had less
years of schooling and scored worse than HCS on neuropsychological tests of cognitive
functioning, including the MATRICS Consensus Cognitive Battery (MCCB), which is meant to
offer an evaluation of major cognitive domains compromised in schizophrenia. Although there
was a trend toward lower parental education in PSZ compared to HCS, we discovered no
significant or trend associations between parental education and any of the key dependent
variables, therefore this minor and insignificant variation cannot explain the results provided
below.

ISSN 2689-6389 (Print) 51
ISSN 2687-7939 (Online)



IJCAES Vol 3, Issue 2, 2022

Table 1. Demographics of Participants

PSZ (N = 37) HCS (N=37) Statistics
Age (yr) 36.3+11.2 37.0+11.7 t(72)=0.25
(range 19 -55) (range 21-55) p=0.8
Male/female 23:14 23:14 X2=0
p=1
Black/white/other 12:21:4 14:23:0 X2=4.25
p=0.12
Education (yr) 12.8+2.1 155+1.9 t72=5.71
p <0.001
Parental education (yr)? 13.5+2.7 14.7+2.6 t72=1.89
p =0.062
Estimated 1Q"f 99.5+14.8 1159+ 8.8 tes) = 5.54
p <0.001
MCCB ©f 37.1+129 53.6+7.8 t(es) = 6.39
p <0.001
WRAT 4%f 98.6+17.0 115.1+13.0 tes) = 4.53
p <0.001
WTAR® 100.2 +18.2 115.8+7.1 tes) = 4.61
p <0.001

a - Average over maternal and paternal education. b- Data missing for 4 HCS. ¢ -
MATRICS Consensus Cognitive Batter Composite Score. d - Test of Broad
Achievement. e - Adult Reading(Wechsler Test). f - Data missing for 4 HCS
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PSZ were stably treated rehabilitants with a total score of 30.1 + 7.1 ( mean £ SD) on the Detail
Psychiatric Rating Scale ( range 21 — 47),22.7 £ 13.0 on the Scale for the Assessment of
Negative Symptoms ( range 2 — 58),17.5 + 12.4 on the Detail Negative Symptom Scale ( range 0
— 65),22.4 + 6.5 on the Position Of Performing Scale ( range 6 — 36), and an average overall
global standing of 3.0 £ 0.8 on the Multidimensional Scale of Independent Functioning (range 2—
5). All PSZ were on antipsychotic drug, which included 28 alternate- generation antipsychotics,
4 first- generation antipsychotics, and 5 both. Sixteen PSZ were also given antidepressants,
mood stabilisers, anxiolytics, and antiparkinsonian medicines. One case was on
methylphenidate, while the other was taking varenicline. Medication and doses have remained
unchanged for the previous four weeks. Drug or alcohol misuse in the previous 6 months was an
exclusionary factor for both PSZ and HCS, as confirmed by targeted screening questions, chart
review (if available), the SCID, and urine and breathalyser tests. Color blindness was similarly
exclusionary when tested with the Ishihara plates. HCS was found through internet advertising,
leaflets, and word of mouth. With the exception of one participant who was on carbamazepine
as a muscle relaxant, HCS had no Axis 1 or 2 diagnoses, no self-reported family history of
psychosis, and were not using any psychiatric medication, according to a SCID. Participants
supplied informed permission for a procedure authorised by the University of Maryland
Baltimore's Institutional Review Board. Before PSZ signed the permission form, the
investigator officially evaluated fundamental grasp of research expectations, hazards, and what
to do if suffering discomfort or terminating participation in the presence of a witness. Everyone
who took part was compensated for their time.

Procedure

On a different day prior to the MR scan, participants were agreed to and screened. They were told
not to drink any caffeine on the day of the scan. Participants received task instructions and
completed a short practise version of the change detection task on a desktop computer on the day
of the scan. The scanner was then used to conduct the change detection job. Following the first
four work blocks, an anatomy scan was collected. On a different day, neuropsychological tests
and psychiatric ratings were done. Neuropsychological tests of cognitive functioning were
completed within 6 months of the scan session for all participants (mean + SD,55.8 + 51.6 d),
with the exception of 6 of the 74 participants (all PSZ), for whom we used test scores obtained as
part of a previous study (276 to 608 d prescan) due to scheduling issues. This was judged
suitable due to the observed temporal stability of neuropsychological cognitive assessments in
PSZ. Within 3 months of the scan (34.7 + 30.0 d), psychiatric scores were collected.

Task paradigm

The paradigm was initially described by Luck and Vogel (1997). Participants watched a 200 ms
encoding array of 1, 2, 4, 6, or 7 squares on a black background (~1x1° viewing angle) (Fig. 1).
From a palette of red, magenta, purple, blue, teal, cyan, green, olive, yellow, and white, each
square was painted in a different colour at random. Verbal rehearsal attempts were complicated
by the short encoding period and the fact that most of the colours could not be easily divided
into easily nameable groupings. One of the squares from the encoding array returned for 2000
ms at its original place after a blank-screen delay of varied time (1100, 1650, 2200, 2750, 3300,
3850, or 4400 ms). If the colour of this test item has changed after the first presentation, make
an index finger response, and if the colour remained the same, make a middle finger answer (50
percent probability). The new colour was chosen at random from the colours that were not
included in the previous encoding array when the colour was altered.
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A variable intertrial interval was used to separate the trials (2000, 2500, 3000, 3500, 4000,
4500, or 5000). Throughout the activity, a white fixation cross (~0.66 x 0.66° viewing angle)
remained in the middle of the display. The cross functioned as a spatial reference point;
participants were not required to maintain their gaze fixed on it. The task was presented in eight
4:56 minute runs of 35 trials each, with seven trials of each set size presented in random order.
After each run, the scanner was turned off, and the researcher communicated with the subject
through intercom (the participant responded by button press). The assignment took about 45
minutes to complete.

It's critical to distinguish between activity due to information storage and activity related to task
difficulty, display complexity, and other factors when studying brain activity related to WM
storage. We centred our studies on the amount of items actually held in WM for a given set size,
abbreviated K, which was calculated from performance as explained below, to stress real WM
storage over task demands. As set size grows, K rises, plateaus around an individual's WM
capacity (Kmax), and then falls as a subset of the array must be picked for encoding with ever
higher set sizes. This results in an inverted U-shaped K dose-response curve in respect to set
size, with many factors impacting the ascending arm (limited number of items accessible for
storage), the descending arm (selection demands), and the peak region of the curve (Kmax). As
a result, none of these factors can account for any BOLD activity that is linearly connected to K.
Task difficulty or selection demands, which develop with increasing set size even beyond the
individual's WM capacity, have a distinct connection to set size than K-related signal. K-related
variance provides a relatively pure reflection of the number of simultaneously active
representations under the current task conditions, with relatively little influence of executive
processes that contribute to performance indices on most other WM tasks.

Because the K-related signal represents real WM storage rather than task demands, utilising K as
the regressor of interest efficiently removes confounds linked to task performance differences
across groups. In other words, like in prior fMRI investigations, our regression technique
revealed clusters of voxels whose BOLD activity changed linearly with participants'
behaviorally evaluated K. Because set size was included as a regressor of no interest, all
discovered signals mirrored K regardless of set size.

MRI

T2*-weighted BOLD effects were measured using a 3-tesla Tim Trio scanner (Siemens) that
collected whole- brain EPI images (4 mm oblique [13.5°] axial slices, 128 x 128 matrix, FOV =
22 x22cm, TR =2s, TE = 27 ms, FA = 90°). Anatomical reference was given via an axial T1-
weighted image (MPRAGE) (0.8 mm?® voxels, TR = 2.2 s, TE = 2.83 ms, FA = 13°).

AFNI was used to process the data. Each book was compared to a reference volume. The six
motion correction factors were combined to create a composite motion index for each
participant. There was no difference in these scores between HCS and PSZ (t2) = 1.10, p >
0.27). TRs with a displacement of more than 0.5 mm or a rotation of more than 0.5° relative to
the preceding TR were censored from the time series. Participants having more than 304 (25%)
censored TRs were eliminated from the study. This was the case for 1 HCS and 3 PSZ. There
was no difference in the number of censored TRs across groups (tiz2) = 0.02, p >0.9).
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Encoding (200 ms)

Fig 1. The task of detecting changes. Each encoding array had one, two, four, six, or seven pieces. The goal
was to determine if the test item was the same colour as the encoding array's related item or had changed to a
different colour. A no-change experiment at set size 4 is shown below.

First-Level Analysis

Voxelwise multiple regression was used to examine the time series as an event-related design.
Convoluted with a model hemodynamic response function and its temporal derivative,
regressors were defined as a delta function, time-locked to the commencement of each encoding
array. The five set sizes were represented by regressors (1, 2, 4, 6, and 7). The time series was
analysed as a duration-modulated block design using the dmBLOCK option in AFNI, with
duration indicating the length of the retention period on each trial, and very comparable findings
were produced. On trials in which the participant did not reply or replied prematurely,
regressors of no interest corresponded to the commencement of the retrieval array, as well as the
onset of the encoding and retrieval array. The six motion parameter curves were also included as
non-interesting regressors. Pearson correlations between the time history of the signal and each
of the five regressors of interest and each of the six motion regressors were determined for each
participant. Only 12 of the 2220 associations were significant when uncorrected, and none
survived multiple comparison correction. The average correlation between stimulus-related
signal and motion did not change between the two diagnostic groups (tz2) = 0.075, p > 0.9). The
average voxelwise amplitude of signal change caused by each of the five set sizes was
calculated for each patient. These maps were resampled to a 1 ul resolution, transformed to a
standard coordinate system, then blurred spatially using a Gaussian 5 mm root mean square
isotropic kernel.

Second-Level Analysis

On the 370 maps, whole-brain voxelwise multiple linear regression was done (one map for each
set size for each of the 74 subjects). The first study was intended to determine areas whose
signal was connected to current WM storage regardless of diagnostic group membership. K, as
determined from performance (see below), was the regressor of interest in this research. Group
(HCS, PSZ), the group K interaction, set size (1, 2, 4, 6, 7) and subject were included in the
model as uninteresting regressors. Based on Monte Carlo simulations, a voxelwise p < 0.001
paired with a 946l clustersize cutoff resulted in an overall p < 0.05. A second whole-brain
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analysis was conducted to identify locations where K-related activity varied between groups
(i.e., areas in which the function relating K to BOLD activity differed between PSZ and HCS).
The group K interaction was the regressor of interest in this research, with K, group, set size, and
subject included in the statistical model as regressors of no interest. Based on Monte Carlo
simulations, a voxelwise p < 0.001 coupled with a 466l clustersize cutoff resulted in an overall
p < 0.05. BOLD activity was averaged within each of the resultant clusters for each individual at
each set size.

Experimental Design and Statistical Analysis

Cowan (2001) developed the formula used to transform performance into an estimate of K, and
it has been verified as the model of choice for single-probe change detection tasks like the one
used in this study:

K = set size * (hit rate — false alarm rate)

In the absence of any WM representation, full guessing yields a K estimate of 0 according to
this formula. K is largely restricted by the number of objects given in the lower set sizes (1 and
2), whereas K is mostly limited by an individual's working memory capacity in the bigger set
sizes. K is also influenced by the individual's ability to pick a subset of objects for storage at
specified sizes that considerably exceed capacity (6 and 7). We extract brain signal indicative of
the number of items currently stored by employing K as the regressor of interest over a wide
range of set sizes, regardless of the various factors that may contribute to the variance within.

Diagnostic group was a between-subject factor, and set size was a within-subject factor, in a 2-
factor ANOVA for repeated measurements. The proportion of trials in which no answer was
given was a supplemental performance metric. There were no reaction times reported.

Each participant's regional average BOLD activity at each set size was paired with K at this set
size, and the five BOLD-K pairs were entered into a linear regression model (BOLD =a + b x
K) to get the slope, b, of the relationship between K and BOLD signal for each individual. This
is a measure of how much the BOLD activity in that location changes in relation to the quantity
of data stored in WM. All statistical analyses involving slope used nonparametric tests, such as
one-sample Wilcoxon signed rank tests for comparisons against zero, Mann—Whitney U tests
for group comparisons, and Spearman rho correlations to test associations with cognitive
measures, due to the non-normality of the slope coefficient distribution. When utilising
parametric testing, the similar pattern of findings was found.

Results
Behavioral Task Performance

In HCS and PSZ, Figure 2 shows the number of objects saved in WM (K) as a function of set
size. The predicted inverted U-shaped dose—response curve was seen in both groups, with HCS
and PSZ storing the most items at set size 4 (main impact of set size: F(2s8) = 27.9, p < 0.001).
Overall, PSZ had lower K than HCS, as evidenced by a main effect of group (F(1,72) = 535.5, p <
0.001). This change was most noticeable for the three larger set sizes, resulting in a flattening of
the PSZ curve (group X set size interaction: F2ss) = 3.47, p = 0.009).
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Fig 2. Task accomplishment. In patients with schizophrenia (PSZ) and healthy control participants, the
mean (xSEM) number of items kept in working memory (K) was compared (HCS).

Overall, no-response trials were uncommon. They were unaffected by set size (F,288) = 1.15, p
= 0.335), and there was no set size-group interaction (Fa288) = 0.72, p = 0.580). However, a
main effect of group (Fu72) = 4.62; p = 0.035) revealed that no-response trials were more
common in PSZ (3.3 £ 4.2%) than in HCS (1.6 = 2.7 %).

1.1 MRI
1.1.1 K main effect

As a preliminary step, we wanted to see if PPC was actually crucial to WM storage mechanisms,
as prior research had shown. There were three clusters that showed a linear activation shift with
K across groups (Table 2; Fig. 3). On the right, the biggest cluster included many PPC areas,
including the superior and inferior parietal lobules (SPL, IPL), IPS, and the middle occipital
gyrus. Two distinct clusters of symmetrical left PPC and middle occipital gyrus areas were
discovered. More items were kept in WM in all three clusters, indicating that they were more
active (Fig. 4). These areas resemble K-related clusters discovered in prior change detection
studies involving healthy young people.
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Table 2. Clusters shown to have a linear activation change with items kept in working memory (K)?

Region Side Volume (pl) Center of mass (mm)
LR PA IS
Superior and inferior parietal lobule, precuneus, middle | R 11718 27.5 -60.2 42.6

occipital gyrus

Superior and inferior parietal lobule, precuneus L 7991 -24.8 -61.7 46.6

Middle occipital gyrus L 2430 -27.8 -76.8 19.2

¢ LR = left-right; IS = inferior-superior.
e PA =posterior-anterior

e IS =inferior-superior.

Fig 3. The K regressor found regions linked with WM storage. Clusters of voxels showing a substantial linear
signal shift with the number of items kept in working memory (K), regardless of set size, are shown below.
In Talairach space, group activation maps are superimposed on anatomical scans and averaged across all 74
individuals.

1.1.2K x group interaction

A single cluster, containing SPL, IPL, and IPS, was identified as demonstrating a K group
interaction in the left PPC (Table 3; Fig. 5). 94% of this region overlapped with the left PPC
region, which was identified as having a K major impact in the previous section. Activation of
this area rose in HCS, but not in PSZ, since more objects were kept in WM (Fig. 6). In HCS, the
average slope of this relationship was substantially greater than zero (Z = 4.34, p < 0.001). PSZ
slope was considerably less than HCS (U = 364.5, p < 0.001) and did not deviate from zero (Z =
1.49,p =0.14).
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Fig 4. Change in K-dependent activation. In the three clusters shown in Figure 3 and reported in Table 2,
scatter plots depict the association between K and activation. Each participant with schizophrenia (PSZ;

triangles) and each healthy control subject (HCS; circle) provide five data points to each graph, one for each
set size

Table 3. In HCS and PSZ, a cluster exhibiting a distinct linear activation change with K (designated as a a K group
interaction)

Region Side Volume (pul) Center of mass (mm)
LR PA IS
Superior and inferior parietal lobule L 1941 23.7 61.8 45.9
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Fig 5. The K x group interaction regressor identifies the region. The left posterior parietal cortex (PPC)
area illustrated here shows a difference in K-dependent signal change between healthy control subjects
and schizophrenia participants. In Talairach space, group activation maps are superimposed on
anatomical scans and averaged across all participants.

HCS PSZ

5 5 o ss1
® SS2

4 4 ® SS4
o © SS6

3 3 2 ® SS7

Signal change (%)

Fig 6. Differential K-BOLD correlations in schizophrenia patients and healthy control individuals
(HCS) (PSZ). Scatter plots depict the association between K and activation in the left PPC area, as
shown in Figure 5 and described in Table 3, for HCS and PSZ, individually. Each participant gives five
data points to the graph, one for each of the five set sizes (SS).

To see if the lack of K-dependent modulation of this area in PSZ might be explained by the
narrower range of K values in PSZ vs HCS, we recalculated slope values for all individuals
using only K-BOLD data pairings with K < 2. Because K was always 2 for set sizes 1 and 2, all
participants had at least two data pairings that met this requirement, while the majority (64 of 74)
had at least three. While the variance of K values differed considerably across groups in the
whole dataset (F =5.41, p < 0.021, Levene's test), it no longer did in this sample of data pairings
(F =0.67, p =0.415). Slopes based on the K-capped subset remained considerably greater than
zero in HCS (Z = 4.40, p < 0.001) and now crossed the significance threshold in PSZ (Z = 2.03,
p = 0.042), although they were still significantly smaller in PSZ than in HCS (U = 421.0, p =
0.004). This indicates that the group variation in K-BOLD slope was not caused by differences
in K value ranges.

Figure 7 depicts the average BOLD signal within this area at each set size. The activation
pattern across set sizes paralleled the one found with K, as predicted (Fig. 2). The greatest group
difference in BOLD signal was observed at set size 1, where average PPC activity was dropped
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below baseline in HCS but elevated above baseline in PSZ. This shows that failing to suppress
BOLD activity at set size 1 may contribute to PSZ's flatter K-BOLD slope. To investigate this,
we calculated Spearman correlations between the BOLD signal at set size 1 and the slope of the
K-BOLD function and discovered a substantial negative association in both groups (HCS: r =
0.50, p = 0.002; PSZ: r = 0.42, p = 0.009). We identified only positive trends when we
computed the same correlation for set size 4 (the set size with the highest average BOLD signal
and K values in both groups). Thus, the steepness of the K-BOLD slope reflected the proclivity
to restrict PPC activation when WM storage needs were low, at least as much as the proclivity
to activate PPC when WM storage demands were high.

1.1.1 Relationship with cognition

We linked the K-BOLD slope coefficient with K at set size 4 to see if left PPC signal
modulation with the amount of items presently kept in WM (K) was related to WM capacity
(Kmax). Because it is least constrained by the number of items shown at small set sizes or by
selection demands at big set sizes, K at set size 4 is the closest task-derived estimate of Kmax.
Given that the K-related BOLD signal at set size 4 contributed to the definition of the left PPC
cluster and slope coefficient, we calculated partial correlations controlling for the average
regional BOLD signal at set size 4, likely underestimating the correlation but alleviating
concerns about bias due to "double-dipping”. HCS (R4 = 0.41, p = 0.014) and PSZ (R@s) =
0.47, p = 0.004) both revealed significant partial correlations.We linked the single-participant
K-BOLD slope coefficients with the MCCB composite score to see if the degree of K-
dependent signal modulation in this left PPC area was predictive of broad cognitive ability (Fig.
8). Both HCS (Rg3) = 0.47, p = 0.006) and PSZ (R@7) = 0.38, p = 0.021) had significant
Spearman correlations. We also looked at exploratory correlations between the K-BOLD slope
and the seven MCCB subdomains, and found that only the WM domain had significant
correlations with the slope coefficient in both groups (HCS: Rz3)
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Fig 7. Set size activates the left posterior parietal cortex (PPC). BOLD activity average (SEM) for each set size in
the region with a K group interaction (Fig. 5; Table 3) for healthy control subjects (HCS) and people with
schizophrenia (PSZ). HCS versus PSZ independent-samples t test: ***p 0.001; *p 0.0
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=0.43, p=0.01; PSZ: Ra7) = 0.41, p = 0.012), though other correlations were significant in one or
the other (HCS: Rz = 0.43, p = 0.01; PSZ: R (Table 4). However, because these exploratory
analyses did not account for multiple comparisons, the pattern of statistical significance should
be interpreted with care
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Fig 8. Correlations of slope and MCCB.The slope coefficient and the MCCB composite score in HCS
and PSZ are related to the degree of K-dependent signal change in the left PPC (Fig.5; Table 3).

We used an ANCOVA model with diagnostic group as the independent variable and MCCB
composite score as the dependent variable to see how much K-dependent signal change in the
left PPC could explain the huge group difference in the MCCB composite (Table 1). Then, as a
covariate, we included the K-BOLD slope coefficient to see how much between-group variation
the coefficient might account for. The slope coefficient (Fue7) = 13.6, p < 0.001) was a
significant covariate. In all models, diagnostic group was significant at p < 0.001; however,
incorporating the slope coefficient as a covariate reduced the variation explained by the group
component by 43.4%. Although causality cannot be proved based on these findings, a lack of
PPC signal modulation with current WM content can statistically explain for more than 40% of
the schizophrenia-related broad cognitive loss indicated by the MCCB.

1.1.2 Relationship with Medication

Antipsychotic medicines were translated to daily chlorpromazine-equivalent doses according to
Andreasen et al. (2010) and associated with slope values to see if the K-BOLD slope coefficient, as the
major quantitative outcome measure, may be connected to PSZ's usage of psychotropic medications. The
Spearman correlation (R(37) = 0.17, p > 0.3) was not significant. Furthermore, there was no difference in
the slope coefficient between PSZ who used antidepressant medication (U = 139.0, p > 0.3) or PSZ who
did not use anxiolytic medication (U = 146, p > 0.7).
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Table 4. Correlations between the K-BOLD slope coefficient and the MCCB composite score and subscales:
Spearman rho and significance levels

HCS (N =33)° PSZ (N =37)
MCCB composite R=0.47, =0.006 R=0.38, =0.021
Processing speed R=0.33, =0.059 R=0.44, =0.006
Attention/vigilance R=0.39, =0.027 R=0.26, =0.115
Working memory R=0.44, =0.010 R=0.41, =0.012
Verbal learning R=0.44, =0.018 R=0.11, =0.501
Visual learning R=0.17, =0.347 R=0.34, =0.043
Reasoning/problem solving R=0.09, =0.631 R=0.36, =0.029
Social cognition R=-0.03, =0.850 R=0.17, =0.318

a - Four HCS do not have MCCB data.

2. Conclusion

The goal of this study was to find neuroanatomical correlates of WM storage abnormalities in
PSZ using a performance-based estimation of the number of items kept in WM (K). In PSZ,
WM storage capacity is significantly diminished and is closely linked with overall cognitive
function. The goal was to address the neurological basis of this deficit using approaches that
prioritise storage while reducing manipulation and rehearsal demands. Activity in the posterior
parietal and occipital areas differed among groups in a K- dependent way, regions that were
very similar to those discovered by Todd and Marois (2004, 2005) using similar techniques.
There was no evidence of PFC involvement in WM storage, as in earlier investigations. This is
in stark contrast to studies that used WM paradigms that required active prioritising or
modification of the stored content, as well as active rehearsal.

The key conclusion of this study was that PSZ had reduced K-dependent activity modulation in
the left PPC area, which included SPL, IPL, and IPS. Despite the fact that this data is correlated,
there are grounds to suspect that a lack of flexible adaptation of PPC neuronal activity with the
quantity of items stored in WM is a crucial mechanism explaining WM storage deficiencies in
schizophrenia:

First, the combination of experimental design and analytic technique rules out the possibility that
the absence of differential PPC modulation in PSZ is just a reflection of lower WM storage
involvement. A shallow slope of the K-PPC signal relationship does not indicate low K, but
rather less change in PPC signal as K changes. A lower average K does not always imply a
lower degree of PPC signal change per unit of K change. Furthermore, the shallower K-BOLD
slope in PSZ than in HCS was not due to a smaller range of K values in PSZ: slopes in PSZ
were shallower than in HCS even when the study was restricted to situations with K values no
greater than 2, a range in which K-related variance was matched between groups.
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Second, individual variances in slope were not only due to PSZ's failure to recruit the PPC with
more WM goods. Indeed, although both ends certainly contributed, there were more robust
relationships between slope coefficients and activity at set size 1 than activity at set size 4. As a
result, the PPC impairment in PSZ may best be defined as a lack of flexibility in activity
modification in response to present WM material.

Another significant finding was that the lack of K-dependent PPC modulation predicted broad
cognitive performance in both diagnostic groups and accounted for 43 % of the MCCB
composite's schizophrenia- related deficiency. Previous research has found that WM storage
capacity is a reliable predictor of conventional measures of fluid intelligence and general
aptitude, with WM storage capacity deficits accounting for 40% of broad cognitive impairment
in PSZ. The current data suggests a brain link for this possible fundamental cognitive loss,
explaining a roughly equal percentage of schizophrenia-related impairment in a wide cognitive
functioning test that was unrelated to our behavioral assessment of WM storage. PPC
impairment, albeit understudied in this setting compared to PFC, is believed to be fundamental
to cognitive difficulties linked with schizophrenia. Our findings, when taken with previous
research, show that PFC and PPC are the substrates of fundamentally separate core functional
deficits in schizophrenia, with a PFC site for decreased executive control of WM and a PPC
location for lower storage capacity. Despite distinct underlying neuropathology, this might be
true in various clinical groups with WM dysfunction.

The current study makes no judgement on whether WM representations are truly stored in PPC
or if this area implements attentional processes that influence information storage in sensory
cortex. The two perspectives would give distinct interpretations to the current finding. A lack of
flexibility in PPC activity in relation to present WM information might indicate a faulty storing
mechanism. On the other hand, the data might indicate a lack of flexibility in allocating
attentional resources to representations stored in the visual cortex. Given that a K group
interaction was not observed in visual cortex despite its sensitivity to the K regressor, item
representations may not be degraded per se, according to this viewpoint. Instead, insufficient
attentional resources may be assigned to greater numbers of representations, while an
overabundance of attentional resources is allocated to smaller numbers (see overactivation in
PSZ at set sizes 1 and 2). Additional study would be required to provide conclusive evidence in
favour of either viewpoint.

While the task paradigm and analytical technique (with K as the regressor of interest) clearly
separated activity related to WM storage (as opposed to manipulation), the current study did not
aim to separate encoding-related activity from maintenance- and retrieval-related activity. The
extensive retention periods required would most likely activate long-term memory and memory
systems mediated by the medial temporal lobe. Reduces in a K-related posterior ERP in PSZ
began during encoding and remained throughout the 800 ms maintenance interval, according to
an ERP research whose paradigm and temporal parameters were very similar to those utilised
here. Todd and Marois (2004) found that the PPC is involved in both encoding and
maintenance, but not retrieval, employing a method identical to ours but included a substudy
with longer retention intervals. Linden et al. (2003) demonstrated inverted U-shaped IPS
activity with set size during encoding and the early sections of the maintenance phase, but not
retrieval, using a delayed recognition test with consecutively presented abstract form stimuli and
a 12 s retention gap. Bittner et al. (2015) reported set size-dependent hypoactivation of frontal,
parietal, and temporal areas largely during encoding and early in the retention phase, but not
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during retrieval, using the same paradigm in adolescents with schizophrenia. Retrieval-related
activity was accounted for in our investigation by a different regressor of negligible interest, and
so had little or no contribution to the observed signal, which is consistent with our findings.

Performance confounds are further avoided by regressing for activity related to the number of
things actually represented in WM rather than the number of items on display. The issue in
fMRI research comparing cognitive processes between diagnostic groups is that tasks must test
the deficiencies under study, yet the ensuing performance discrepancy between groups causes
unequal involvement of these systems. As a result, disparities in activation may indicate a lack
of involvement by PSZ rather than a mechanism underlying the performance deficiency.
Anticevic et al. (2013) used a delayed match-to-sample task to approximate performance
between groups by making the two to-be-encoded stimuli for PSZ and HCS more different. PSZ
revealed hypoactivation in several PFC areas, while no impact was detected in PPC. Given the
extended encoding (4.4 s) and latency periods (15.4 s), variations in PFC recruitment might
have been related to task set maintenance and proactive interference prevention, which affects
WM paradigm performance but not the conventional change detection task performed here.
Furthermore, in the Anticevic et al. (2013) investigation, the lower perceptual demands for PSZ
compared to HCS may have decreased the requirement for complicated PFC-mediated encoding
and maintenance techniques. A small-N research utilising a colour change detection task
identical to that utilised here, with set sizes 1, 2, and 4, produced results that were more
congruent with the current experiment. Prior to fMRI scanning, intensive task training was used
to obtain almost identical performance between HCS and PSZ. Due to over-recruitment at set
sizes 1 and 2, task-positive and, most notably, PPC areas changed less as a function of set size
in PSZ under these conditions.

Although we did not examine the pathophysiological foundations of the attenuated PPC
adjustment with current WM content, based on the literature on neuronal oscillation anomalies
in PSZ, some hypothesis may be warranted. Raffone and Wolters (2001) used a neural network
model to show that WM storage limits could be explained by a balance between synchronisation
mechanisms that keep neural assemblies in a coherent oscillatory state and desynchronization
between assemblies that code for different to-be-distinguished objects or features. The
neuropathology of schizophrenia is significantly overlapping with the neurobiology, allowing both fast
and slow oscillatory activity, with deleterious consequences for the orchestration of both local
and distant brain activity. Thus, in PPC, the decreased flexibility of WM storage-related activities
might be a local manifestation of generally defective neural synchronisation mechanisms.

Finally, areas of the PPC and occipital cortex were identified as being engaged in WM storage
activities utilising the task-derived number of items presently held in WM (K) as a regressor, as
previously demonstrated in young healthy volunteers using comparable technique. PSZ had less
K-dependent activity modulation in the left PPC, which could not be explained by a limited
range of K values. K-dependent PPC modulation was found to have a strong relationship with
broad cognitive ability, accounting for 43% of the schizophrenia-related loss. PPC failure, we
believe, lies at the heart of WM storage abnormalities in PSZ, as well as cognitive problems
associated with schizophrenia in general.
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Abstract

A series of organophosphorous compounds (3a-3m) containning phosphonate functional group have been
synthesized efficiently with high speed and good yield. All the compounds were correctly characterized using
different  spectroscopic  techniques IR, Mass, 'H,"”C and °'P-NMR). These  compounds
were screened for their antibacterial activity. All the synthesized derivatives showed good antibacterial activities. 3g
compound showed the best activity against one Gram-positive (Staphylococas aureus) and two Gram-negative
(Escherichia coli and Klebsiella pneumoniae) species. In order to predict binding interaction between active site of
bacterial enzyme and 3g, molecular docking was performed, into the crystal structures of DNA-gyrase cleavage
complex of S. aureus (Gram+ve) with PDB_ID:5CDQ and the cleavage complex of topoisomerase Top. IV of K.
pneumoniae (Gram-ve) with PDB_ID:5EIX using autodock/vina, an open source software. The molecule showed
strong interaction due to H bonding, pi- pi interaction and hydrophobic interaction with active site amino
acids. The synthesized compounds were also submitted to drug likeness model programs e.g molinspiration and
osiris to predict bioavailability and toxicity profiles which are important for selection of the bestdrug
candidate among all synthesized compounds. With these results we conclusively demonstrated the selected
structural analogues can act as potential antibacterial agents.

Key words: Phosphonate derivatives, Antibacterial activity, Molecular docking, Molinspiration
and Osiris.

1.Introduction

Phosphonates, surrogates of natural phosphates, bioisosteres of carboxylates, are one of the
important classes of organic compounds presently as it has immense applications due to their
fascinating biological activities such as antibacterial, antifungal, antiviral, anticancer agents,
bone targeting agents and also acts as enzyme inhibitors [1][2][3][4]. Beyond medicinal
chemistry organophosphonates have also other applications[5].
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A number of methods have been reported for the preparation of phosphonates. The general
method for the preparation of hydroxyl phosphonates and their related species is Abramov
and Pudovik reaction [6][7]. The reaction of aldehydes with dialkyl phosphite in the presence of
a base to give hydroxyl phosphonates as a product. The Michaelis-Arbuzov reaction is one of the
essential method for the preparation of phosphonates via P-C bond formation[8][9]. It involves
the reaction of an alkyl/aryl halide with dialkyl phosphite to give alkyl phosphonates. As it has
been reported antibacterial activity of phosphonates we designed a series of new phosphonate
derivatives and synthesized these compounds by grinding, green chemistry approach. It was time
saving, extremely efficient, convenient, and eco-friendly method. Due to growing rate of
bacterial resistance and increasing number of infections our health is facing biggest threat. The
process of discovery of new antimicrobial agent is expensive and time consuming, directing to
diminishing interest of pharmaceutical industries in it. On an average, research and development
of anti-infective drugs takes around 15-20 years, and can cost more than $1000 million. The cost
of bringing a new product to the market is increasing at a rate of 10% per annum. Therefore
based on urgent requirement we wanted to study anti-bacterial activity of these compounds, how
effectively they bind with target by the docking analysis which in its turn depends on various
parameters like H-bond donors, H-bond acceptors, molecular weight and calculated Log P
(CLogP) value and Lipisnski rule of five which predicts the absorption or permeation for orally
active compounds. During drug development, safety is very crucial issue, including a variety of
toxicities, adverse drug effects and drug -drug interaction. The computational method was used
in prediction of chemical toxicity of designed molecules.

2. Materials and Methods
2.1. Chemistry

Melting points were determined by using Bio-technics melting point apparatus and open glass
capillary method was followed. IR spectra were recorded on Bruker-Tensor 27 spectrometer
using KBr pellets. "H-NMR and "C-NMR spectra were obtained using a Bruker ACF-300
machine or a Varian 300 or 400 MHz spectrometer, and the solvent CDCls or DMSO-ds was
used with tetramethylsilane as an internal reference. The 3'P NMR spectra were obtained using a
Bruker-AVANCEIII 400 MHz spectrometer, and DMSO-ds was used as a solvent. The mass
spectra were obtained using a Jeol JMC D-300 instrument (electron ionization at 70 eV). TLC
(thin layer chromatography) on precoated silica gel plates were used to monitor the progress of
reactions. Column chromatography was carried out by using silica gel (100-200 mesh, SRL,
India) [10-20 times (by weight) of the crude compound.

2.1.1. General Procedure for Compounds 3a to 3d
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A suspension of 1 (1.0 mmol), anhydrous magnesium chloride (0.1 g, 1.0 mmol), triethylamine
(0.3 g, 3.0 mmol), and dimethyl phosphite (2, 0.136 g, 1.1 mmol) were taken in a dry mortar
[10]. The mixture was ground for 10 min until a paste is obtained (TLC was used to monitor the
reaction progress). Once the reaction was completed, extracted with EtOAc(3x5 ml ). The
organic layers were collected, combined, and evaporated under vacuum. The purification of
crude compound was carried out using column chromatography on silica gel using petroleum
ether/EtOAc as eluent to furnish the expected compounds (3a-3d).

2.1.2. General Procedure for Compound 3e to 3m

A mixture of azide (0.53 mmol), an appropriate terminal alkyne (0.53 mmol), CuSO4*5H,0 (65
mg, 0.26 mmol), sodium ascorbate (52 mg, 0.26 mmol) and DMF (5 ml) were taken in a mortar.
The mixture was ground for 10-15 min until a paste is obtained. The progress of the reaction was
monitored by TLC. Once the reaction was completed, crushed ice was added and extracted with
EtOAc (3%5 ml) using separating funnel. The organic layers were collected, combined, dried
using anhydrous Na,SOy, filtered, and evaporated under vacuum. The purification of crude
compound was carried out using column chromatography on silica gel using petroleum
ether/EtOAc as eluent to furnish the expected (3e-3m).

2.2. Biology: Antibacterial activity

After preparing a small library of organo phosphonates (3a-3m) all these compounds were
subjected to evaluation of their antibacterial properties against a gram-positive (Staphylococas
aureus) and two gram-negative (Escherichia coli and Klebsiella pneumoniae), at a concentration
of 0.2 mg per 100 pl. An agar-well diffusion method was used for the assay of the test
compounds [11][12]. The agar-well diffusion is a simple and widely method used test to study
the susceptibility of bacteria with various compounds. If a compound inhibits the growth of
bacteria, the area around the paper disc will not have bacterial growth which means that showed
a halo appearance referred to as zone of inhibition. The size of zone of inhibition is dependent on
the compound effectiveness to prevent the growth of the bacterium. This method was employed
for the evaluation of the antibacterial activity of the given compounds. Amoxycillin and
Ciproflaxacin were used as positive references at a concentration of 0.02 mg per 100 ul. DMSO
was used as a negative control. The diameter of inhibition zone (DIZ) around each well was
measured in mm to determine the activity of those compounds when compared with that of the
reference compounds (Amoxycillin & Ciprofloxacin).

2.3. Molecular Docking Study

Molecular docking studies of molecules 3g into the crystal structures of DNA-gyrase cleavage
complex of S. aureus (Gram-positive bacteria) with PDB_ID:5CDQ and the cleavage complex of
topoisomerase Top. IV of K. pneumonia (Gram-negative bacteria) with PDB_ID:5EIX were
carried out using Autodock Vina open source molecular docking software[13][14]. We have
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generated a grid box with desired parameters around the active site of DNA-gyrase cleavage
complex of S. aureus (PDB_ID:5CDQ) as centre: x=40.123, y=-46.732, z=64.933 and grid box
size: x=22, y=36, z=26. We have generated a grid box with desired parameters around the active
site of topoisomerase Top. IV of K. pneumonia (PDB_ID:5EIX) as centre: x=183.18, y= 28.952,
7z=-7.879 and grid box size: x=22, y=32, z=32. We generated 20 conformations in each docking
output by using advanced Genetic algorithm method in Vina. Protein/DNA complex and
molecule input preparations and docking output analysis were carried out using MGLTools-1.5.6
software.

2.4. Molinspiration calculations and Drug-Likeness

Molecular properties such as partition coefficient (Log P), topological polar surface area (TPSA),
hydrogen bond donors (HBD) and hydrogen bond acceptors (HBA), rotatable bonds (nrotb),
number of atoms (natoms), molecular weight, and violations of Lipinski’s rule of five were
calculated to evaluate the drug likeness of the synthesized compounds.[15] Lipinski’s rule of
five filter the drug like molecules and states that a potential molecule is orally active if it’s (a)
molecular weight is <500 da,(b) logP < 5,(c) number of hydrogen bond acceptors <10,(d) number
of hydrogen bond donors <5. The logP value of a compound indicates the logarithm of its
partition coefficient between n-octanol and water log (c octanol / water) used to measure the
compound’s hydrophilicity [16][17]. Lipophilicity is an important parameter which plays a vita
Irole in physicochemical property in the medicinal field. Lipophilicity contributes to the ADME
properties of drugs by contributing to their solubility, permeability through membranes, potency,
selectivity, promiscuity, pharmacokinetics,impacting their metabolism [18]. It also affecting their
pharmacodynamic and toxicological profile. Low hydrophilicities associated with high logP
values which cause poor absorption or permeation. The reasonable probability of being well
absorbed; if the compounds logP value must not be greater than 5.0.

2.5. Insilico bioactivity study and Osiris Toxicity Study

Molinspiration software version 2020 (http://www.molinspiration.com) was used to predict
the bioactivity score for drug targets including enzymes, nuclear receptors, kinase inhibitors,
GPCR ligands, and ion channel modulators. The bioactivity score of selected compounds
were evaluated using the tool Molinspiration Cheminformatics server. In this computational
method, large chemical databases are analyzed in order to identify potential new structural
candidates. In the Molinspiration tool, the miscreen engine first analyze a training set of
active structures (in extreme case even single active molecule is sufficient to build a usable
model) and compares it with inactive molecules by using sophisticated Bayesian statistics.
Only SMILES or SDfile structures of selected active molecules are sufficient for the
training, no information about the active site or binding mode is necessary.The toxicity
study of synthesized compounds was evaluated by wusing Osiris software[19]. Toxicity
related risks such as (tumorigenicity, mutagenicity, irritation and reproduction effectivity)
was calculated by using Osiris.
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3. Results and Discussion
3.1. Synthesis of phosphonate derivatives

The designed organo phosphonates were prepared by grinding carbonyl compounds
dimethylphosphite anhydrous magnesium chloride and triethylamine taken in a mortar. The
mixture was subjected to grinding for 10-15 min (Fig-1) to complete as represented in scheme-1.
After completion of step 1, in next step, azides having benzoxepine motiff were allowed to add
along with sodium ascorbate, copper sulphate penta hydrate and few drops of DMF and again
allowed to grind for few min (Fig-2) to synthesize triazoles (3e-3m). Yield is reported in Table-
1.
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Fig 1. Synthesis of organophosphonates by grinding
Fig 2. Synthesis of benzoxepine phosphonate triazoles by grinding

ISSN 2689-6389 (Print) 71
ISSN 2687-7939 (Online



IJCAES Vol 3, Issue 2, 2022

Scheme -1: Synthesis of organophosphonates

ORs
RiO-p=0
HO+H
o)
cl
P(OR;) Ns ﬁ( N "
3/2 — 2
Q Q HO—|H R cr NN
C-Ry H-P(OR;), = o
SN 2 A N

| 70 | \/—O . Iy —
/\/ Et;N, MgCl, /- \ Sodium ascorbate o
R, \\ grinding, 10 min R; N CuS0,, 5H,0, DMF

grinding, 10-15 min

1 3(a-d) 3(e-m)

Table-1: The yield of hydroxy phosphonates 3a-3m

Code of R, R, R; R, % Yield
molecules

3a; p-OH H H CH; - 75%
3b; m-OH H H CH; - 70%
3¢; p-OH CH; H CH; - 90%
3d; p-OH H m-OCHj; CH; - 85%
3e; 0-OH H H CH; 0-CHj; 90%
3f; m-OH H p-OCH; CH; p-Cl 85%
3g; p-OH H m-OC,H; C,H; p-CH; 90%
3h; p-OH H m-OC,H; CH; p-Cl 75%
3i; p-OH H H CH; 0-CH; 70%
3j; 0-OH H H CH; o-Cl 90%
3k; p-OH H m-OCHj; CH; - 90%
31; m-OH H 0-OCHj; C,H; p-CH; 85%
3m; p-OH H m-OC,H; C,H; p-Cl 90%

A total of 13 compounds were synthesized and characterized by using IR, NMR (‘H, *C, *'P)
and Mass spectrometry. The selected 'H and "°C spectral data of molecule 3g are shown in the
Fig-3 and Fig-4. In IR spectra, the absorption of the -OH moiety appeared in the range of 3265-
3260 cm ' present in the compound. In 'H NMR the three singlets near & 8.30, 5.51 and 5.16
were due to the 1,2,3-triazole ring proton, NCH, and OCH, respectively. In *C NMR spectrum
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the signals for five methylene carbon atoms attached to oxygen appeared at 6 69.6, 68.3, 62.1,
61.5 and 55.3 ppm respectively. The signal appeared at 78.3 ppm was due to the -CH(OH)-
moiety. The signal appeared at 6 51.8 ppm was due to the NCH, moiety. The signal appeared at
o 30.5 ppm was due to the CH, moiety attached to carbon of seven membered ring of
benzoxepine. The presence of -PO(OC,Hs),- group was further confirmed by the signal at 6 24.5
in the *'P NMR spectrum.

38.30 (s, 1H)
H
55.51 (s, 2H) HO 9
P-O_CH20H3
O-CH,CH
Cl N/Y\o PR ]
Hscd\f NN o]
]
CH,CH
’ o 2 3
3 5.16 (s, 2H)
4 2.00 (s, 3H)
5783 §61.5
5561.8 §569.6 J

l HO_y H

p-O-CH,CH,
{ “0-CH,CH
Cl1 ~ o (@] ‘ 2 3

568.3 5621

Fig 3. '"H NMR of Compound 3g
Fig 4. *CNMR of Compound 3g
3.2. Biology

Having prepared organo phosponates (3a-3m), they were then evaluated for antibacterial
activity against three different bacterial strains that includes one Gram-positive (S.aureus) and
two Gram-negative (K.pneumoniae, E.coli) species. While most of the compounds showed
moderate to reasonable activities against all the bacterial strains Table-2. Compound 3g showed
best antibacterial activity whereas 3f and 3i showed next level activity against all three strains.
3e, 3f, 3i, 3j, 3k and 3m showed good activity against S.aureus(+ve), 3f, 3i and 31 showed
good activity against E.coli(-ve). 3f, 3i, 3j, 3k and 3m showed good activity against K.
pneumoniae (-ve). In general compounds having terminal alkyne groups (3a, 3b, 3¢ and 3d)
showed inferior activity. The activity of all the compounds (3a-3m) was also influenced by
position and nature of substituents as for example ethyl, methyl and chloro etc on aromatic rings.
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Table 2. Antibacterial assessment of synthesized compounds using three bacterial strains.

Zone of inhibition (Diameter in mm) at conc.
S.No Code of 200 pg per100 pl well (4 mg/500 pnl DMSO)
molecules

S. aureus E. coli K. pneumoniae

(Gtve) (G-ve) (G-ve)
1 3a 11+0.31 11+0.51 09 £0.08
2 3b 09 +0.13 11+0.10 09 £ 0.09
3 3c 09 £0.12 12 +£0.14 09 +0.08
4 3d 12 £0.13 13 £0.53 09 +0.13
5 3e 14£0.19 13+0.16 12+0.15
6 3f 14£0.23 15+ 0.55 15+0.45
7 3g 17+0.31 16 +0.52 17 £ 0.34
8 3h 13£0.19 12+ 0.16 13 +£0.15
9 3i 14 +£0.25 15+0.53 14+ 0.46
10 3j 14 £0.32 13+0.51 14 £ 0.33
11 3k 14 £0.32 13+0.16 15+ 0.13
12 31 13+0.14 14+ 0.20 13+0.14
13 3m 14 £ 0.32 13+0.16 15 + 0.43
14 | Amoxycillin 28 £0.35 29+£0.25 31+£0.23
15 Ciprofloxacin 34 +0.51 32+0.29 36 +0.38

3.3 Molecular Docking study

Next in order to understand host guest interaction 3g was subjected to molecular docking. Table-
3 shows the binding affinity of 3g molecule towards DNA-gyrase cleavage complex of S. aureus
and topoisomerase Top. IV of K. pneumonia organism’s DNA binding site analysed using
molecular docking studies. The binding affinities of the molecules are showing strong interaction
energies with the DNA active site.

Table 3. Binding affinity of compound 3g

Code of molecule Binding energy (in kcal/mol)
3g 5CDQ 5EIX
-8.40 -8.70
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Fig 5 . Molecule 3g docked in the active site of the DNA- active site of the topoiso gyrase cleavage complex of
S. aureus (PDB_ID:5CDQ).
Fig 6. Molecule 3g docked in the merage Top. IV of K. pneumonia (PDB_ID:5EIX).

Molecule 3g was docked in the intercalation location of DNA-gyrase cleavage complex of S.
aureus (PDB_ID:5CDQ). The ligand 3g formed hydrogen bonding interactions between oxygen
of C=0 group DC2011 of chain E residue and OH group of ligand molecule. Other hydrogen
bond formed with oxygen of ligand molecule and NH; group of DG2009 residue of chain F. This
ligand benzene ring also stabilised by pi-pi interactions with chain F DG2009, chain E DA2013
and chain F DTS residues. The interaction of DNA bases and the amino acid side-chains proteins
are also shown in Fig-5.

The SEIX crystal structure contains an inhibitor Levofloxacin intercalation with the E, F and I
chains of DNA. The DNA binding proteins are A and G chains stabilizing the binding of the
DNA with the bound Levofloxacin. The molecule 3g was docked in the intercalation location of
DNA of the topoisomerase, Top. IV complex. The molecule bound to the DNA stabilized by
mainly hydrogen bonding and Pi-Pi interactions.3g formed hydrogen bonds with LYS442
residue from chain A and DAS residue from chain 1. On the other hand, this ligand also formed
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Pi-Pi interactions between aromatic ring and DG1 residue from F chain, DT15 residue from H
chain. Fig- 6 depicts the interactions of DNA bases and the amino acid side-chains proteins.

3.4. Molinspiration calculations and Druglikeness

All the derivatives 1-13 under study have numerous hydrogen bond acceptors (< 6) and
numerous hydrogen bond donors (< 1) as shown in Table 4. Number of rotatable bonds is an
important indicator for molecular flexibility and conformational change for binding to the
receptor. It reveals that the criteria for rotatable bonds should be < 10. e. TPSA of phosphonate
derivatives was observed in the range of 65.0 -114.19 A” and is good below the range of 160 A’
The percentages of absorption for the given compounds calculated from TPSA ranged between
65 % and 74.23% indicated good bioavailability.

Table-4: The molinspiration values of structural analogue (3a-3m) compounds

S. Code of | miLog | TPSA natoms | MWt | HBA | HBD nviolati | nrotb | volume
No | molecul | P ons
es
1 3a 0.76 65.00 18 270.22 5 1 0 6 236.37
2 3b 0.74 65.00 18 270.22 5 1 0 6 236.37
3 3¢ 1.21 65.00 19 284.25 5 1 0 6 252.61
4 3d 0.35 74.23 20 300.25 6 1 0 7 261.92
5 3e 3.23 104.95 35 519.92 9 1 1 9 440.05
6 3f 3.87 114.19 39 598.42 10 1 1 12 496.17
7 3g 4.02 114.19 40 592.03 10 1 1 13 516.00
8 3h 3.50 114.19 38 584.39 10 1 1 11 479.37
9 3i 3.28 104.95 35 519.92 9 1 1 9 440.05
10 3j 3.46 104.95 35 540.34 1 1 9 437.02
11 3k 2.47 114.19 36 535.92 10 1 1 10 449.03
12 31 3.64 114.19 39 578.00 10 1 1 12 499.20
13 3m 4.28 114.19 40 612.45 10 1 1 13 512.97

Note: mi LogP: logarithm of compound partition coefficient between n-octanol and water; %Abs:
percentage of absorption; TPSA: topological polar surface area; MW: molecular weight; HBA: number of
hydrogen bond acceptors; HBD: number of hydrogen bond donors; Nrotb: number of rotatable bonds

3.5. Insilico bioactivity study and Osiris Toxicity Study

The bioactivity scores of given compounds for drug targets were also predicted by
Molinspiration and are represented in Table 5. Bioactivity of all selected antibacterial agents was
evaluated against three different bacterial strains. Biological activity is measured by bioactivity
score that are categorized under three different ranges; A molecule having bioactivity score more

ISSN 2689-6389 (Print) 76
ISSN 2687-7939 (Online



IJCAES Vol 3, Issue 2, 2022

than 0.00 is most likely to exhibit considerable biological activities, while values 0.50 to 0.00 are
expected to be moderately active and if score is less than 0.50 it is presumed to be inactive. The
results clearly reveal that the physiological actions of phosphonate derivatives might involve
multiple mechanisms due to the interactions with GPCR ligands, nuclear receptor ligands, and
inhibit protease and other enzymes. The bioactivity score of compounds is suggestive of
moderate interaction with all drug targets Compounds 3a-3m showed good bioactivities as
enzyme inhibition (0.07-0.23 respectively). The result of this study was found that the selected
agents are biologically active and the bioactivity score profile of the all selected agents is given
in Table-5.

Table 5.Bioactivity score of the synthesized compounds (3a-3m) according to Molinspiration cheminformatics

software.
S.No Code of GPCR ICM KI NRL PI EI
molecules
1 3a -0.48 0.05 -0.49 -0.49 -0.24 0.22
2 3b -0.48 0.03 -0.59 -0.49 -0.25 0.22
3 3¢ -0.23 -0.09 -0.47 -0.23 0.00 0.19
4 3d -0.38 -0.01 -0.36 -0.42 0.20 0.20
5 3e -0.12 -0.12 -0.24 -0.18 -0.08 0.22
6 3f -0.15 -0.29 -0.25 -0.27 -0.15 0.10
7 3g -0.17 -0.39 -0.29 -0.29 -0.16 0.15
8 3h -0.16 -0.23 -0.31 -0.29 -0.16 0.12
9 3i -0.16 -0.15 -0.26 -0.22 -0.10 0.19
10 3j -0.13 -0.10 -0.28 -0.20 -0.10 0.23
11 3k -0.14 -0.15 -0.26 -0.28 -0.12 0.19
12 31 -0.17 -0.34 -0.26 -0.27 -0.16 0.09
13 3m -0.15 -0.34 -0.29 -0.30 -0.15 0.07

Note: GPCRL: GPCR ligand; ICM: ion channel modulator; KI: kinase inhibitor; NRL: nuclear receptor ligand; PI:
protease inhibitor; EI: enzyme inhibitor

Osiris property calculator I used mainly in drug discovery to determine the tumorogenic and
mutagenic potentials of new chemical structural analogues. The toxicity risk values were
predicted using the software Data warrior (Osiris) are shown as none, low and high for its
mutagenic, tumorigenic, irritant, reproductive effective properties. The high risks of undesired
effects like mutagenicity, tumorigenic, irritant, reproductive effective properties. Drug likeness
may be defined as a complex balance of various molecular properties and structural features
which determine whether a particular molecule is similar to the known drugs. The Osiris
calculations for ( 3a-3m) compounds are represented in Table-6.
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Table-6: Osiris calculations of toxicity risks and drug score of the selected compounds

S.No Code of Toxicity risks Physico Chemical Properties
molecules | Mut Tum Ir Re cLogP S DL DS
1 3a G G R R 0.74 -2.13 -28.73 0.17
2 3b G G R R 0.74 -2.13 -28.73 0.17
3 3c G G R R 0.74 -2.13 -27.03 0.17
4 3d G G R R 1.23 -3.26 -27.66 0.17
5 3e R G R R 1.23 -2.91 -27.52 0.07
6 3f R G R R 3.97 -3.92 -35.08 0.13
7 3g R G G o 4.12 -3.84 -36.78 0.13
8 3h R G R R 3.57 -3.62 -29.21 0.06
9 3i R G R R 2.97 -2.91 -27.49 0.07
10 3j R G R R 3.23 -3.30 -27.49 0.07
11 3k R G R R 2.55 -2.58 -26.60 0.07
12 31 R G R o 3.71 -3.53 -36.48 0.14
13 3m R G R o 4.38 -4.22 -35.37 0.12

MUT: mutagenic; TUM: tumourigenic; IRRIT: irritant; RE: reproductive effect. b CLP: ¢ (logP); S: Solubility;
DL: drug likeness; DS: drug score.

4. Analytical data of synthesized compounds 3e-3m.
3a-3d Analytical data available on [10]

4.1 Dimethyl ((2-((1-((5-chloro-9-methyl-2,3-dihydrobenzo[b] oxepin-4-yl)methyl)- 1H-1,2,3-triazol-4-

yl)methoxy)phenyl) (hydroxy)methyl)phosphonate (3e)

White solid; mp 124-126°C; Rf: 0.34 (3:1 Ethyl acetate:Petroleum ether); MS m/z 520.0 (M + 1, 100%);
FTIR (KBr, v in cm™" ): 3260, 3070, 2956, 1050, 838, 729; '"H NMR (400 MHz, CDCL;) : § 7.83 (s,
1H), 7.45 (m, 2H), 7.22 (m, 1H), 7.13 (t, I1H, J=7.78 Hz), 7.01 (m, 3H), 5.45 (s, 2H), 5.21 (s, 2H), 4.50
(dd, 1H, J=11.0, 4.75 Hz), 4.27 (t, 2H, J=6.52 Hz ), 3.74 (d, 3H, J=10.3 Hz), 3.65 (d, 3H, J=10.3 Hz),
3.21 (dd, 1H, J=12.0, 5.30 Hz), 2.32 (t, 2H, J=6.30 Hz), 2.25 (s, 3H); “C NMR (CDCl; 100 MHz): §
158.3, 153.6, 144.5, 132.4, 132.3, 130.5, 129.2, 129.3, 129.4, 129.5, 128.7, 128.7, 128.3, 123.2,
122.1,114.8, 78.6, 70.7, 69.3, 53.8, 53.4, 52.6, 30.4, 17.3;*'P NMR (DMSO-d,, 400 MHz): § 23.3.
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4.2 Diethyl ((3-((1-((3,7-dichloro-2,3-dihydrobenzo[b] oxepin-4-yl)methyl)-1H-1, 2, 3-triazol-4-

yl)methoxy)-4-methoxyphenyl)(hydroxy)methyl)phosphonate (3f)

H;CO
H
Cl1 N /Y\ o OH
Cl\@{\f NeN O=P-0C,H;
OC,Hg

Pale yellow solid; mp 118-120° C; Rf: 0.42 (3:1 Ethyl acetate:Petroleum ether); MS m/z 598.0 (M + 1,
100%); FTIR (KBr, v in em™" ): 3275, 3075, 2960, 1068, 845, 735; '"H NMR (400 MHz, CDCl,) :
8.30 (s, IH), 7.61 (d, 1H, J=2.70 Hz), 7.42 (dd, 1H, J=8.52,2.70 Hz), 7.10 (d, 1H, J=2.25 Hz), 7.07 (d,
1H, J=8.03 Hz), 7.03 (d, 1H, J= 8.52 Hz), 6.94 (dd, 1H, J= 8.03, 2.25 Hz), 5.51 (s, 2H), 5.16 (s, 2H)
4.88 (dd, 1H, J=13.0, 6.27 Hz), 4.30 (t, 2H, J=6.27 Hz) 4.02-3.82 (m, 4H) 3.80 (s, 3H), 3.35 (dd, 1H,
J=12.0, 6.27 Hz), 2.25 (t, 2H, J=6.27 Hz), 1.31 (t, 3H, J=7.03 Hz), 1.19 (t, 3H, J=7.03 Hz); “C NMR
(CDCl;,100 MHz): & 153.7, 148.7, 146.6, 142.8, 134.2, 132.1, 130.5, 130.3, 128.7, 127.8, 125.9,125.3,
124.1, 120.5, 113.4, 111.4, 78.4, 69.7, 68.1, 62.1, 62.0, 61.7, 55.4, 51.9, 30.3, 16.3; *'"P NMR (DMSO-d,,
400 MHz): o 24.3.

4.3Diethyl((4-((1-((5-chloro-7-methyl-2,3-dihydrobenzo[b]oxepin-4-yl)methyl)-1H-1,2,3-triazol-4-yl)methoxy)-
ethoxyphenyl) (hydroxy)methyl)phosphonate (3g)

HO H

C,Hs0 9
P~oc,Hs
Cl OC,Hj
N\/Y\o

White solid; mp 118-120°C; Rf: 0.34 (3:1 Ethyl acetate:Petroleum ether ); MS m/z 592.0 (M + 1, 100%);
FTIR (KBr, v in em™' ): 3280, 3080, 2958, 1072, 846, 736; '"H NMR (400 MHz, CDCL;) : & 8.30 (s,
1H), 7.61 (d, 1H, J=2.70 Hz), 7.42 (dd, 1H, J=8.52, 2.51 Hz), 7.10 (d, 1H, J=8.52 Hz), 7.07 (d, 1H,
J=8.03 Hz), 7.03 (t, 1H, /=2.00 Hz), 6.94 (dt, 1H, J=6.52,2.25 Hz), 6.11 (dd, 1H, J=15.5, 6.03 Hz), 5.51
(s, 2H), 5.16 (s, 2H) 4.88 (dd, 1H, J=13.0, 6.27 Hz), 4.30 (t, 2H, J=6.27 Hz) 4.02-3.82 (m, 4H) 3.35 (s,
2H), 2.25 (t, 2H, J=6.27 Hz), 2.00 (s, 3H), 1.31 (t, 3H, J=7.03 Hz), 1.19 (t, 3H, J=7.03 Hz), 1.12 (t, 3H,
J=7.03 Hz); >C NMR (CDCl;, 100 MHz): & 153.6, 148.7, 146.5, 142.6, 134.5, 132.3, 130.4, 130.5,128.6,
127.7, 125.8,125.2, 124.3, 120.4, 113.3, 111.5, 78.3, 69.6, 68.3, 62.1, 61.5, 55.3, 51.8, 30.5, 17.7, 16.8,
16.3, 15.3;*'P NMR (DMSO-d,, 400 MHz): & 24.5.
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4.4 Dimethyl ((4-((1-((5,7-dichloro-2,3-dihydrobenzo[b] oxepin-4-yl)methyl)-1H-1,2, 3-triazol-4-
vl)methoxy)-3-ethoxyphenyl) (hydroxy)methyl) (3h)

HO H

C,Hs0 0
P-ocH,
cl N./Y\o OCH3

White solid; mp 134-136" C; Rf: 0.44(3:1 Ethyl acetate:Petroleum ether); MS m/z 584.0 (M + 1, 100%);
FTIR (KBr, v in ecm™' ): 3278, 3072, 2946, 1084, 848, 739 'H NMR (400 MHz, CDCL;) : & 8.31(s,
1H), 7.60 (d, 1H,z J=2.76 Hz), 7.44 (dd, 1H, J=8.53, 2.51 Hz), 7.11 (d, 1H, J= 8.53 Hz), 7.08 (d, 1H,
J=8.03 Hz ), 7.04 (t, 1H, J=2.00 Hz), 6.92 (dt, 1H, J=6.52, 2.25 Hz), 6.10 (dd, 1H, J=15.5, 6.03 Hz),
5.50 (s, 2H), 5.15 (s, 2H), 4.84 (dd, 1H, J=13.0, 6.27 Hz), 4.29 (t, 2H, J=6.27 Hz) 3.62 (d, 3H, J=10.2
Hz), 3.54 (d, 3H, , J=10.2 Hz), 3.34 (s, 2H), 2.25 (t, 2H, J=6.27 Hz), 1.31 (t, 3H, J=7.03 Hz). "C NMR
(CDCl;,100 MHz): o 153.4, 148.7, 147.3, 145.1, 132.4, 132.3, 130.3, 130.2, 129.1, 129.3, 128.3, 123.5,
123.1, 119.5, 114.6, 112.2, 78.5,71.3,69.3, 67.7, 64.5, 63.3, 52.5, 30.5, 16.3;*'P NMR (DMSO-d,, 400
MHz): 6 23.6.

4.5 Dimethyl ((4-((1-((5-chloro-9-methyl-2,3-dihydrobenzo[b] oxepin-4-yl)methyl)-1H-1,2,3-triazol-

yl)methoxy)phenyl) (hydroxy)methyl)phosphonate (3i)

OH

H
_OCH,4
c)/,l’\ocn3
cl
N0
— \NéN
o
CH,

White solid; mp 126-128°C; Rf: 0.36(3:1 Ethyl acetate:Petroleum ether); MS m/z 520.0 (M + 1, 100%);
FTIR (KBr, v in em™ ): 3265, 3078, 2968, 1078, 848, 742; 'H NMR (400 MHz, CDCl;) : § 7.81(s,
1H), 7.43 (m, 3H), 7.21 (m, 1H), 7.10 (t, 1H, J=7.78 Hz), 7.01 (d, 2H, J=9.54 Hz), 5.46 (s, 2H), 5.22 (s,
2H) 4.99 (dd, 1H, J=11.0, 4.76 Hz), 4.26 (t, 2H, J=6.52 Hz), 3.72 (d, 3H, J=10.29 Hz), 3.66 (d, 3H,
J=10.29 Hz), 3.20 (dd, 1H, J=12.0, 5.27 Hz), 2.30 ( t, 2H, J=6.27 Hz), 2.26 (s, 3H); *C NMR (CDCl;,
100 MHz): o 158.1, 153.7, 144.8, 132.2, 132.1, 130.6, 129.5, 129.3, 129.2, 128.6, 128.5, 123.7,122.9,
114.8, 78.8, 70.9, 69.3, 53.8, 53.6, 52.8, 30.7. 15.5; 'P NMR (DMSO-d, 400 MHz): § 23.5.
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4.6 Dimethyl ((2-((1-((5,9-dichloro-2,3-dihydrobenzo[b] oxepin-4-yl)methyl)-1H-1,2, 3-triazol-4-

yl)methoxy)phenyl) (hydroxy)methyl)phosphonate (3j)

Cl /Y\
o
N H 0

= NEN P~ OCH,4
HO OCH,

Cl1

Off white solid; mp 130-132°C; Rf: 0.44(3:1 Ethyl acetate:Petroleum ether); MS m/z 540.0 (M + 1,
100%);FTIR (KBr, v in em™ ): 3255, 3069, 2962, 1076, 839, 756; '"H NMR (400 MHz, CDCl;): &
7.83(s, 1H), 7.45 (m, 2H), 7.22 (m, 1H), 7.13 (t, 1H, J=7.78 Hz), 7.01 (m, 3H), 5.45 (s, 2H), 5.21 (s, 2H),
4.50 (dd, 1H, J=11.0, 4.75 Hz), 4.27(t, 2H, J=6.52 Hz ), 3.74 (d, 3H, J=10.3 Hz), 3.65 (d, 3H, J=10.3 Hz),
3.21 (dd, 1H, J=12.0, 5.30 Hz), 2.32 (t, 2H, J=6.30 Hz); *C NMR (CDCl; 100 MHz): § 158.2, 153.5,
144.6, 132.3, 132.2, 130.4, 129.3, 129.4, 129.3, 129.4, 128.8, 128.6, 128.4, 123.5, 122.7,114.9, 78.7, 70.8,
69.2, 53.7,53.5, 52.7,30.5;*'P NMR (DMSO-dg, 400 MHz): & 24.3.

4.7 Dimethyl((4-((1-((5-chloro-2,3-dihydrobenzo[b] oxepin-4-yl)methyl)-1H-1,2, 3-triazol-4-yl)methoxy)-

3-methoxyphenyl)(hydroxy)methyl)phosphonate (3k)

H OH
/,o
P=OCHj
= N=N OCH;,
o

White solid; mp 132-134°C; Rf: 0.35(3:1 Ethyl acetate:Petroleum ether); MS m/z 536.0 (M + 1, 100%);
FTIR (KBr, v in ecm™" ): 3270, 3050, 2969, 1074, 840, 729; 'H NMR (400 MHz, CDCl;) : & 8.35 (s,
1H), 7.60 (d, 1H, J=2.76 Hz), 7.44 (dd, 1H, J=8.78, 2.76), 7.35 (dd, 2H, /=9.28,2.51), 7.11 (d, 1H, J=
8.78), 7.01 (d, 2H, J=9.28), 6.17 (dd, 1H, J=15.5, 6.52), 5.49 (s, 2H), 5.16 (s, 2H), 4.93 (dd, 1H, J=12.5,
6.27 Hz), 4.29 (t, 2H, J=6.42 Hz), 3.62 (d, 3H, J=10.2 Hz), 3.54 (d, 3H, J=10.2 Hz), 3.34 (s, 3H), 2.25 (t,
2H, J=6.27 Hz); “C NMR (CDCl; 100 MHz): & 158.1, 153.7, 144.8, 132.2, 132.1, 130.6, 129.5, 129.3,
129.2, 129.1, 128.63, 128.59, 128.52, 123.7,122.9,114.8, 78.8, 70.9, 69.3, 61.9, 53.8, 53.6, 52.8,30.7; 'P
NMR (DMSO-dg, 400 MHz): 6 26.1.
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4.8 Diethyl ((3-((1-((5-chloro-7-methyl-2,3-dihydrobenzo[b] oxepin-4-yl)methyl)-1H-1,2,3-triazol-4-

yl)methoxy)-4-methoxyphenyl)(hydroxy)methyl)phosphonate (31)

H3CO
H
¢ o OH
HaC = NZN 0=P-OC,Hs
OC,Hs
o

White solid; mp 126-128° C; Rf: 0.34(3:1 Ethyl acetate:Petroleum ether); MS m/z 578.0 (M+1, 100%);
FTIR (KBr, v in em '): 3285, 3082, 2956, 1069, 843, 736; '"H NMR (400 MHz, CDCl;) : & 8.37 (s,
1H), 7.60 (d, 1H, J=2.76 Hz), 7.44 (dd, 1H, J=9.03, 2.76 Hz), 7.20 (s, 1H), 7.11 (d, 1H, J=9.03 Hz), 7.00
(d, 1H, J/=10.29 Hz), 6.94 (d, 1H, J=8.78 Hz), 6.11 (dd, 1H, J= 15.8, 6.52 Hz), 5.49 (s, 2H), 5.11 (s, 2H),
4.85 (dd, 1H, J=12.9, 6.27 Hz), 4.31 (t, 2H, J=6.27 Hz), 4.02-3.79 (m, 4H), 3.73 (s, 3H), 2.26 (t, 2H,
J=6.27 Hz), 2.12 (s, 3H), 1.19 (d, 3H, J=7.27 Hz), 1.13 (t, 3H, J=7.27 Hz); *C NMR (CDCl; 100 MHz):
6 153.7, 148.7, 146.6, 142.8, 134.2, 132.1, 130.5, 130.3, 128.7, 127.8, 125.9, 125.3, 124.1, 120.5, 113.4,
111.4,78.4, 69.7, 68.1, 62.0, 61.6, 55.4, 51.9, 30.3, 17.5, 16.3, 15.1;*'P NMR (DMSO-d,, 400 MHz): &
25.6.

4.9 Diethyl ((4-((1-((5,7-dichloro-2,3-dihydrobenzo[b] oxepin-4-yl)methyl) -1H-1,2, 3-triazol-4-yl) meth

oxy)-3-ethoxyphenyl) (hydroxy)methyl)phosphonate (3m)

H
0
P-0OC,H5
cl OC,Hs
Cl = N=N OC,Hy

Off white solid; mp 128-130° C; Rf: 0.45 (3:1 Ethyl acetate:Petroleum ether); MS m/z 612.0 (M + 1,
100%); FTIR (KBr, v in em™ ): 3288, 3074, 2954, 1052, 829, 738; '"H NMR (400 MHz, CDCL) : &
8.31(s, 1H), 7.60 (d, 1H, J=2.76 Hz), 7.44 (dd, 1H, J=8.53, 2.51 Hz), 7.11 (d, 1H, J=8.53 Hz), 7.08 (d,
1H, J=8.03 Hz ), 7.04 (t, 1H, J=2.00 Hz), 6.92 (dt, 1H, J=6.52, 2.25 Hz), 6.10 (dd, 1H, J=15.5, 6.03 Hz),
5.50 (s, 2H), 5.15 (s, 2H), 4.84 (dd, 1H, J=13.0, 6.27 Hz), 4.29 (t, 2H, J=6.27 Hz), 4.01-3.81 (m, 4H),
3.34 (s, 2H), 2.25 (t, 2H, J=6.27 Hz), 1.31 (t, 3H, J=7.03 Hz), 1.18 (t, 3H, J=7.03 Hz), 1.13 (t, 3H, J=7.03
Hz); ®C NMR (CDCl; 100 MHz):  153.7, 148.9, 147.6, 145.3, 132.2, 132.1, 130.6, 130.4, 129.4, 129.2,
128.5, 123.7, 123.0, 119.6, 114.7, 112.4, 78.7, 71.2, 69.6, 64.3, 63.5, 63.2, 52.8, 30.6, 16.5, 16.3, 14.8; *'P
NMR (DMSO-dg, 400 MHz): 8 26.3.
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5. Conclusion

In conclusion, the functionalized organo phosphonate derivatives can easily be prepared which
are good yields, further tested their antibacterial properties and toxicity profiles. The positive
results we have recorded, while encouraging for purposes of new structural analogue compounds
design, confirm that most of these compounds could be used without great risk of toxicity in
diverse antibacterial activity. All the synthesized derivatives showed moderate to reasonable
activities against all the bacterial strains. Compound 3g showed best antibacterial activity
followed by 3f and 3i. Molecule 3g was docked in the intercalation location of DNA-gyrase
cleavage complex of S. aureus (PDB ID:5CDQ) and the topoisomerase Top. IV of K.
pneumonia (PDB_ID:5EIX). The synthesized structural analogues displayed drug like properties
and exhibited excellent antibacterial activity. Based on their structural properties of all the
compounds acts as novel structural analogues may acts as good antibacterial agents.
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Abstract

This review paper will focus on the potential of using fly ash bricks in place of the generic clay bricks in terms of
sustainability, properties, chemical composition and in terms of availability. Wastes produced daily in refineries and
furnaces contain toxic elements. This paper will explore the possibility of reducing the waste and a step towards a
sustainable building. Fly ash bricks are environment friendly, manufactured by hydraulic pressure machines, are 28%
lighter than normal clay bricks and have a compressive strength greater than 40 MPa than normal bricks[1]. Due to its
advantages over other building materials, the demand is constantly increasing in India, China and the other Asian
Pacific regions, which in turn has created a global traction in the creation of fly ash bricks[2]. The construction
industry is also one of the highest contributors to the country’s CO2 emissions, accounting for 22% of the country’s
total annual CO2 emissions. The climate-friendly fly ash brick technology produces bricks without using coal. It has
the potential to eliminate carbon emissions from the brick-making industry, which burns huge amounts of coal and
emits millions of tons of carbon dioxide each year.In practice, the construction material uses a lot of virgin
materials[3].But the fly ash building material uses very minimal amounts of the same, 49% less, thus reducing the
energy requirement to make these. This paper will focus on how fly ash incorporation (Massive volume fly ash
concrete) is a sustainable option for building material, as well as a durable material for the same, absorption capacity,
methods of making fly ash bricks, it’s carbon footprint, how can they be made less toxic, the chemical composition
compared to the generic clay bricks and how eco friendly it is. This paper studies the hazards in clay brick and
advantages in fly ash brick extending with a comparative study on material properties of clay brick and fly ash brick.

Keywords: Fly ash bricks, carbon footprint, sustainable, greenhouse

Introduction

Usage of the general cement and bricks have a lot of adverse effects on the climate. Firstly, they use up a
lot of virgin products. Secondly, the primary binder in any construction material is portland cement which
is actually very harmful for the climate as its production causes emissions of a lot of greenhouse gases. And
thirdly, concrete structure lacks durability which is unappreciated, which causes the production of
construction materials to be more, thus creating more greenhouse gases. Incorporation of fly ash in
construction materials such as bricks, as in this paper, will take care of the above mentioned issues and its
adoption in the construction fields will enable the concrete industry to become more sustainable.

Fly Ash is the industrial waste that remains after burning out the substances in a pyre or a furnace. These are
generally the coal combustion residuals that are composed of particulates that are driven out of the coal fired
boilers together with fuel gas. It primarily contains oxides of silicon, aluminium, iron and calcium. More than
100 million tons of coal combustion ash is generated annually, of which 60 million tons are fly ash. Only about
27% of the fly ash produced is reused or recycled, and the rest is land filled.

In today’s world, where sustainability is of a great concern and so is the fact that construction and the
wastes produced go hand in hand. Climate change: over the years, global warming has increased to a great
height with a lot of CO2 emissions which have given rise to global warming. Also, the environmental
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concentrations have increased from 280 to 370 ppm in the industrial age, and approximately 7% of the
world’s COz is[5] contributed by the transportation and making of portland cement[4,5].The resource
productivity, when taken into account, for regular cement, uses up approximately 1.6 billion metric tonnes
of virgin materials including portland cement, gravel, crushed rocks, water and so on- that too every year.
Also it has pretty intensive energy considerations. Fly ash can reduce the use of virgin materials and energy
by upto 90%. Reportedly, over 1 billion tons of production and demolition waste is generated each year.[6]
Cost-effective technology is available to recycle maximum of the waste as a partial substitute for the coarse
aggregate in sparkling concrete combinations. Similarly, commercial wastewaters and non-potable waters
can replace municipal water for blending concrete except tested dangerous with the aid of testing. Blended
portland cements containing fly ash from coal-fired energy flora, and floor-granulated slag from the blast-
furnace iron industry offer notable examples of industrial ecology because they provide a holistic answer
for reducing the environmental impact of several industries.[7]

Mixture Composition

The chemical or the mixing composition’s variation will bring differences in the final product’s strength
and flexibility. The amount of water is very essential in this due to the fact the quantity of water is varied

inside a slim variety between 100-130 kg/m3 by the use of a combination of 1 or extra gear including a
super plasticizing admixture, a high quality fly ash, and well-graded mixture. Depending on the favored
energy degrees, the content material and the fly ash/cement ratio of the binder can be varied. As the water
content between the unique electricity degrees does not range plenty, it's far vital to grow the cementitious
substances notably to obtain higher energy. [8]

Cement: ordinary good grade portland cement-10%

Fine aggregate: fineness modulus 2.88-7%

Coarse aggregate: Qualified 5-20-mm broken gravel, broken stone being 51%-53%, broken index
being 7.7%-8.0%

Superplasticizer: Naphthalene sulfonic acid-based superplasticizer

Ultra-fine fly ash: Collected by electro-static precipitators and airflow classing technology-60%][9]

Tablel.Chemical composition of the Fly Ash (wt%)

Sample SiOz A|203 Fe203 Ca0o MgO Kzo Nazo SO3 Cl
Fly Ash

51.7 26.8 4.39 3.4 0.95 1.28 0.65 0.31 0.009

Table 2 Composition of Fly Ash bricks (kg/m?)

Mix Proportions Composition
water 115-125
cement 150-160

fly ash 180-200
coarse aggregate 1100-1200
fine aggregate 800-900

Sustainability of Fly Ash Bricks
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Fly ash brick is made from the burned coal ash. It is a green material having very little impact on the
environment. If we burn coal for making fly ash bricks there is a big environmental issue but we don’t do
that. We use the ash made by burning coal for power generation. Fly ash is a by-product of thermal power
generation. Due to the higher surface area compared to cement, fly ash is used as a substitution to the
cement. Further, fly ash is used to reduce the heat of hydration in the higher grade of concrete[3]. Some of
the most effective ways that fly ash bricks are sustainable.

Cooling nature of these bricks.

Lesser water absorption

Protects the groundwater from getting polluted
Protects the agricultural lands from getting polluted.
Protects the fly ash from transmitting into the air.

Eco-brick does not demand the use of local agricultural soil, which in case of clay bricks is very often
extracted from the farms leading to loss of fertile soil.

Water conservation

Too much blending - water is probably the most essential purpose for many issues which can be
encountered with concrete mixtures. There are two reasons why common concrete combos contain too
much blending-water. Firstly, the water demand and workability are encouraged greatly by using particle
size distribution, particle packing effect, and voids present within the strong structure. Typical concrete
combos no longer have a desirable particle length distribution, and this accounts for the undesirably
excessive water requirement to reap certain workability. Secondly, to plasticize a cement paste for
attaining a first-class consistency, much large amounts of water than necessary for the hydration of
cement should be used due to the fact that portland cement particles, due to the presence of electric statics
on the floor, generally tend to form flocs that trap volumes of the integration water. It is typically
determined that a partial substitution of Portland cement by fly ash in a mortar or concrete combination
reduces that water requirement for acquiring a given consistency.[5] Depending on the amount of fly ash
and the amount of cement changed, up to 20% reduction in water necessities can be performed. This
method is excellent since fly ash can act as a super plasticizing admixture while being utilized in
excessive-volume. The phenomenon is attributable to three mechanisms. First, quality particles of fly ash
get absorbed on the oppositely charged surfaces of cement particles and save you from flocculation. The
cement particles are for this reason successfully dispersed and will trap large quantities of water, meaning
that the machine can have a discounted water requirement to attain a given consistency. Secondly, the
spherical shape and the easy floor of fly ash particles assist to reduce the interparticle friction and as a
consequence facilitates mobility. Thirdly, the “particle packing effect” is likewise answerable for the
reduced water demand in plasticizing the gadget. It may be referred to that both portland cement and fly
ash make a contribution to debris which can be mainly within the 1 to 45 um size variety, and
consequently serve as brilliant fillers for the void area inside the combination. In truth, because of its
lower density and better quantity consistent with unit mass, fly ash is a more efficient void-filler than
Portland cement.[4]

Dry cracking

Perhaps the greatest disadvantage related to the usage of neat portland-cement concrete is cracking due to
drying shrinkage. The drying shrinkage of concrete is caused by the amount of the cement paste present[7]. It
increases with a growth in the cement paste-to-combination ratio inside the concrete combination, and
additionally will increase with the water content of the paste. Clearly, the water-reducing belongings of fly ash
may be advantageously used for accomplishing a massive discount in the drying shrinkage of concrete
combinations. Due to a widespread discount within the water requirement, the full quantity of the cement paste
in everyday concrete is 25% in comparison to 29.6% for the conventional portland-cement concrete which
represents a 30% reduction in the cement paste-to combination quantity ratio[6].

Thermal damage

ISSN 2689-6389 (Print) 87
ISSN 2687-7939 (Online)



IJCAES Vol 3, Issue 2, 2022

Thermal cracking is of serious concern in huge concrete structures. It is commonly assumed that this isn't
always a problem with reinforced-concrete systems of mild thickness, e.g. 50-cm thick or much less.
However, because of the high reactivity of modern cements, instances of thermal cracking are said even
from slight-length structures made with concrete combinations of excessive-cement content material that

have a tendency to expand immoderate heat at some stage in curing. The physical-chemical traits of
everyday portland cements nowadays are such that very high heat-of-hydration is produced at an early
age in comparison with that of everyday portland cements available. Also, high early energy necessities in
contemporary production exercise are usually satisfied via a growth within the cement content of the
concrete mixture. Further, there's extensive creation interest now inside the warm-arid regions of the
sector wherein concrete temperatures in excess of 60°C aren't unusual inside some days of concrete
placement. For unreinforced mass-concrete production, several strategies are hired to save you from
thermal cracking, and some of these techniques may be efficiently used for mitigation of thermal cracks
in large strengthened-concrete structures. For instance, a 40-MPa concrete aggregate containing 350
kg/m3 portland cement can boost the temperature of concrete by about 55-60°C within per week if there
is no heat loss to the environment. However, with concrete combination containing 50% cement

replacement with a Class F fly ash, the adiabatic temperature upward thrust is expected to be 30-35° C.
As a thumb rule, the most temperature differences between the interior and exterior concrete should now

not exceed 25° C to keep away from thermal cracking. This is because better temperature differentials are
finished by means of rapid cooling rates that typically bring about cracking. Evidently, within the case of
conventional concrete it's far simpler to resolve the hassle either by using maintaining the concrete
insulated and heat for an extended time within the bureaucracy till the temperature differential drops
underneath 25° C or with the aid of reducing the proportion of portland cement within the binder through
a extensive amount. The latter option may be exercised if the structural designer is willing to simply
accept a slightly slower fee of power development during the primary 28 days, and the concrete electricity
specification is primarily based on ninety-day in preference to 28-day electricity.

Properties of Fly Ash Bricks as compared to Clay Bricks:

It is considered green or eco-friendly as it can help curb the various forms of pollution.

It is denser and stronger than the generic red bricks.

It requires lesser mortar and plastering- almost 40% to 50% less usage of mortar.

A compressive strength of 9-10N/mm2 gives the building extra strength to withstand the sudden shocks
or any damage.

They absorb less heat and thus keep the building cool. The pozzolanic reaction between the fly ash and
the lime produces less heat.

These are highly durable which again is beneficial for the environment as it requires lesser

attention or care compared to the red bricks.

It is highly sound and fire resistant.

They absorb less water compared to clay bricks.

Properties of Fly Ash Bricks

The conventional clay bricks are manufactured in relatively polluting brick kilns that emit fairly
poisonous gases while burnt and for that reason are environmentally unsustainable. The Fly Ash Bricks
on the contrary are synthetic with either the help of fully automatic machines or hand-operated machines.
Both those procedures are completely easy and motivate minimum pollution if the fly ash loading and
unloading is treated well.
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1. Strength — Hundreds of laboratory brick tests conducted over a period of time have shown that Fly Ash
Bricks which might be dried within the sun for 28 or more days are stronger than the traditional red bricks
which might be heated in brick kilns for several minutes.

2. Precise Dimensions — Fly Ash bricks are required in smaller numbers as compared to the crimson bricks as
they are larger in size and for this reason store value. The shape of the fly bricks is also greater regular making
sure a smooth construction, which needs less plastering fabric, again saving on value.

3. Reasonable Priced — Although the rate of the fly ash bricks varies from one geographical place to every
other depending on the proximity to the electricity flora and refineries. The common rate of this brick is
much like that of the clay bricks if no longer lower.

4. Clean Technology — The largest benefit of this generation is that it causes minimum pollution (land or
air) while being produced. Not most effective, it also places a pollutant to a better use by means of
preventing it from being dumped into landfill websites that could cause excessive land, water and air
pollutants seriously affecting public health.

5. No Agricultural Loss — This eco brick does not demand the usage of neighborhood agricultural soil,
which in case of clay bricks could be very often extracted from the farms, leading to loss of fertile soil
and losses to farmers.

6. Optimum use of water — In opinion of many creation employees and supervisors, the fly ash brick
constructing calls for much less water all through production. This is a totally widespread benefit in a
village that faces water shortages almost each 12 months.

Comparison of Carbon Footprint of Fly Ash Bricks and Clay Bricks:

The manufacturing of building materials contributes to the huge amount of CO2 emission, specially in the
cement industry and in the brick burning process. The cement industry is responsible for 5% of global
world’s energy use is in the form of electricity; the rest is used for heating and manufacturing. And atleast
40% of the world’s electricity comes from coal which leads to huge CO2 emission. For regular red bricks

CFP is 169 gCO2/kg of fired brick excluding emissions due to biofuel combustion.
CFP is 195 gCO2/kg of fired brick including emissions due to biofuel combustion.

For fly ash bricks

Fly ash is currently widely used for various applications in civil engineering. Due to their waste origins,
the COz2 emissions resulting from their use are almost zero.

Traditional clay brick manufacturing compared to fly ash brick manufacturing processes resulting in 40%
recycled content and 85% energy reduction.

Table 3. Comparison of CO, emission between clay & fly ash bricks[9]

Item Number of bricks Equivalent CO, emission
Clay Brick 20,760 10.38 tonnes
Fly Ash Brick 2,966 1,038 tonnes
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Comparison of Fly Ash Bricks and Clay Bricks:
Fly ash is a waste material obtained from the combustion of coal. Fly ash brick consists of cement,

water and fly ash (fly ash averagely 60%) which is stronger than clay bricks. The properties of a typical
fly ash brick are presented in Table3.

Table 4. Properties comparison between clay bricks and fly ash bricks[9]

Properties Clay brick Fly ash brick
Drying time 7 days 3 days
Length of firing time 1-7 days Few hours
strength Compressive 12-40 M Pa 43 M Pa
Average density 1800-2000 kg/m3 1450 kg/m3
Absorption capacity 5-20% 10%
Modulus of rupture 1M Pa 10.3 M Pa
Conclusion

Fly ash brick is also eco-friendly as it reduces CO2 emissions to a great extent. The fly ashes studied were
collected by electro-static precipitators and airflow classing technology. Due to their spherical shape and
smooth surface features, the fly ashes demonstrated improved water reduction effect with increased
fineness. The concrete construction industry has realized that coal fly ash is a relatively inexpensive and
widely available by-product that can be used for partial cement replacement to achieve excellent
workability in fresh concrete mixtures. Consequently, in the modern construction practice 15%-20% of
fly ash by mass of the cementitious material is now commonly used in North America. Higher amounts of
fly ash on the order of 25%-30% are recommended when there is a concern for thermal cracking, alkali-
silica expansion, or sulfate attack. Such high proportions of fly ash are not readily accepted by the
construction industry due to a slower rate of strength development at an early age.

In conclusion, fly ash bricks offer a holistic solution to the problem of meeting the increasing demands for
bricks in the future in a sustainable manner at the same time reducing the environmental impact of two
industries that are vital to economic development namely the cement industry and the coal-fired power
industry.
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