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ABSTRACT: The most favored route of drug administration is oral administration; O -
however, several factors, including poor solubility, low bioavailability, and degradation, - inesous

in the severe gastrointestinal environment frequently compromise the effectiveness of medene Z

drugs taken orally. Bioengineered polymers have been developed to overcome these ip
difficulties and enhance the delivery of therapeutic agents. Polymeric nanoparticles, @ o 0 -
including carbon dots, fullerenes, and quantum dots, have emerged as crucial > > e

components in this context. They provide a novel way to deliver various therapeutic 4
Cancer
modelling

materials, including proteins, vaccine antigens, and medications, precisely to the \'ITN{N
locations where they are supposed to have an effect. The promise of this integrated ™™
strategy, which combines nanoparticles with bioengineered polymers, is to address the
drawbacks of conventional oral medication delivery such as poor solubility, low
bioavailability, and early degradation. In recent years, we have seen substantially
increased interest in bioengineered polymers because of their distinctive qualities, such

as biocompatibility, biodegradability, and flexible physicochemical characteristics. The different bioengineered polymers, such as
chitosan, alginate, and poly(lactic-co-glycolic acid), can shield medications or antigens from degradation in unfavorable conditions
and aid in the administration of drugs orally through mucosal delivery with lower cytotoxicity, thus used in targeted drug delivery.
Future research in this area should focus on optimizing the physicochemical properties of these polymers to improve their
performance as drug delivery carriers.
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Potential Applications of Bioengineered Polymers

B INTRODUCTION relevant. Targeted medication delivery to solid tumors is one
such topic. The capacity to specifically target a medicine or
drug carrier to reduce drug-originating systemic adverse effects
makes targeted drug delivery clinically meaningful. The efhicacy
of medications intended to provide prevention or, more
frequently, therapeutic relief of clinical diseases is governed by
a wide range of intricate and interrelated parameters.” This
comprises inherent pharmacological characteristics, such as the
specificity of the drug’s action and its molecular size and
chemical makeup, which determine its general solubility in
bodily fluids, penetration into tissues, and cell uptake.

The effectiveness of the treatment is significantly influenced
by several physiological processes of the body, including drug
clearance by specific organs, potential metabolic trans-
formation, degradation, disposal, and drug circulation half-
life. The process of creating a new medicine molecule is time-

Drug delivery is delivering medicine to the target site to obtain
safer and more effective therapeutic results." One of the key
goals that clinicians seek to achieve is drug release at the site of
action. However, safe medication deliveries to pathogenic areas
and regulated release are the primary difficulties facing drug
delivery systems. By the creation of therapeutically relevant
formulations, drug delivery research ultimately aims to benefit
patients. Controlled drug delivery technology has improved
dramatically over the past few decades, enabling the creation of
numerous therapeutic formulations that increase patient
compliance and convenience.” Conventional drug delivery
systems release the drug from the formulation at an
uncontrolled rate, causing many disadvantages in the field of
drug therapeutics. Current drug delivery approaches allow for
delivery of the drug at a determined rate, increasing the
bioavailability of the drug, reducing the side effects, and

reducing the dosing regimen. Drugs are typically administered Received: ~September 23, 2023
orally or transdermally, significantly increasing treatment Revised:  November 27, 2023
efficacy and reducing side effects.” Drugs can be locally Accepted:  November 29, 2023

delivered for months or even years through implantable Published: December 18, 2023

systems.” Even though they play a key role in drug delivery,
there are possible areas where they can be considered clinically
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consuming, costly, and frequently unsuccessful, so employing
older medications in clinics may be more efficient if their
bioavailability, targetability, efficiency, or safety is improved.
Numerous approaches, such as individualized drug therapy,
chemical conjugates, therapeutic drug monitoring, nano-
particle-based drug delivery systems, and stimuli-sensitive
targeted therapy, are being thoroughly researched for these
reasons.’ Over the past few decades, several studies have been
done on nanoparticular drug delivery systems with particular
emphasis on the outcome.

B BIOENGINEERED POLYMER AND ADVANTAGES

In living organic systems, polymers, such as proteins,
polysaccharides, and nucleic acids, are present as fundamental
elements. To suit the needs of both industrial and scholarly
applications, synthetic polymers that are intended to resemble
these biopolymers have been produced in a range of functional
forms. Synthetic polymers can be divided into various types
based on their chemical characteristics. Few unique polymers
have evolved into a very practical class with unique chemical
properties and usage in various contexts. Based on the changes
in their physical and chemical properties per the desired
activities, their polymers are categorized as stimuli-responsive
or smart polymers.” The trait that genuinely distinguishes them
as “smart” is their propensity to react to even the smallest
environmental alterations. While the introduction of smart-
responsive polymers in this context is a pivotal development, it
is essential to recognize that not all bioengineered polymers
require smart or responsive properties. These materials, often
meticulously tailored for biocompatibility, biodegradability,
and maintenance of a stable environment, serve as the
backbone for drug delivery and tissue engineering applications.
In these scenarios, the priority is the provision of a secure and
consistent platform for drug release and tissue regeneration.
Smart or responsive behavior, such as adapting to external
stimuli, becomes indispensable only when precise control and
adaptation are necessitated by the specific goals of an
application. For example, in drug delivery, responsive polymers
can be engineered to release drugs in a targeted and controlled
manner, thus optimizing therapeutic efficacy. Likewise, in
tissue engineering, smart polymers can mirror native tissue
behavior, responding to mechanical or biochemical forces, thus
facilitating improved integration.” Therefore, the choice of
incorporating smart or responsive properties in bioengineered
polymers is unequivocally guided by the distinct objectives of
the application, emphasizing that such characteristics are
advantageous but not universally imperative. “These materials
are special not only because of the rapid changes in their
structure at the macroscopic level but also because these
changes are reversible. Responses can take the form of
modifications in shape, surface properties, and solubility; the
development of complex molecular assemblies; a sol-to-gel
transition; and other factors. These transitions can be triggered
by changes in temperature or pH, an increase in ionic strength,
the presence of specific metabolic chemicals, the addition of an
oppositely charged polymer, or the development of polycat-
ion—polyanion complexes. The physiological features of water-
soluble smart polymers typically change in response to external
stimuli, and some are responsive to numerous stimuli. Their
organization, solubility, or hydrophobic—hydrophilic balance
are all affected by this alteration.” The thermosensitive
polymers have undergone extensive research, and at a key
solution temperature known as the cloud point, they exhibit a
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volume phase transition that is responsive to changes in the
solvation state. At crucial onset points, physical inputs such as
temperature, electric, or magnetic fields and mechanical stress
will change the level of different energy sources and modify
molecular connections. They quickly and irreversibly transfer
from a hydrophilic to a hydrophobic state in terms of
microstructure.’” The production of precipitates from
solutions or changes in the size and water content of stimuli-
responsive hydrogels are two examples of how these changes
manifest at the macroscopic level. The phase transition is
thought to need a proper balance of hydrophobicity and
hydrophilicity in the polymer’s molecular structure. The basic
advantages of bioengineered polymer usage are shown in
Figure 1.
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Figure 1. Advantages of bioengineering polymer. Adapted from ref
11. CC BY 4.0, 2022, MDPL

B SYNTHESIS AND PROPERTIES OF
BIOENGINEERED POLYMERS

The process of developing polymer materials designed for
particular biomedical uses is termed the synthesis of
bioengineered polymers. These polymers are designed to
have particular characteristics and capabilities that make them
appropriate for use in tissue engineering, drug delivery, and
other biomedical uses. Selecting particular monomers that can
be chemically linked together through polymerization is the
normal approach to creating bioengineered polymers.'” The
final polymer can be altered to improve specific characteristics,
such as its mechanical strength, biocompatibility, and
degradation rate.

Biopolymers, derived from biological resources, possess
unique qualities such as biodegradability, high thermal stability,
nontoxicity, and antibacterial and antifungal properties, making
them versatile and eco-friendly for various applications. These
biopolymers are synthesized through various methods
including esterification, dehydration, polycondensation, hy-
drolysis, and granulation. Esterification allows for the
modification of biopolymers such as cellulose, starch, and
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Table 1. Steps to Synthesize the Polymers

S. No. Step Description Ref.
1. Selection of It is crucial to choose the right monomers for biosynthesis. For example, lactide and lactic acid are polylactic acid (PLA) 26
monomer synthesis monomers.

2. Polymerization

After choosing the monomers, they are polymerized using various techniques, such as ring-opening polymerization. Utilizing a

27

catalyst like stannous octoate, lactide monomers are ring-opened polymerized in the case of PLA.

3. Modification

The characteristics of the synthesized polymer can be modified. For example, various ratios of lactic acid and lactide can be 28

added during the PLA synthesis to change the polymer’s molecular weight.

The characteristics of the synthesized polymer, such as its molecular weight, thermal stability, and biocompatibility, are then 29

determined through characterization. For example, differential scanning calorimetry is used to evaluate the thermal properties
of PLA, while gel permeation chromatography is used to find the molecular weight.

4. Characterization
S. Formulation and
development

The synthesized polymer is then processed into a scaffold for tissue engineering applications or a drug delivery system. For 30
example, PLA can be used as a scaffold for bone tissue engineering or as nanoparticles for drug delivery.

hemicelluloses, leading to products with applications in
plastics, coatings, explosives, and more. Microbial poly(f,L-
malic acid) methyl esters with different conversion degrees of
25, 50, 75, and 100% were synthesized, leading to copolyesters
with reduced crystalline characteristics, degradation rates that
depend on methylation level, and decreased heat stability. The
100% methylated product was effectively used for producing
erythromycin microspheres, and drug release was mostly based
on the hydrolysis of the host polymer. Dehydration techniques,
using agents such as trehalose and cyclodextrins, preserve the
structural integrity of biopolymers and enhance enzyme
stability, with applications in areas such as adhesives, coatings,
and drug delivery systems. Microbial poly(f,.-malic acid)
methyl esters with different conversion degrees of 25, 50, 75,
and 100% were synthesized, leading to copolyesters with
reduced crystalline characteristics, degradation rates that
depend on methylation level, and decreased heat stability.
The 100% methylated product was effectively used for
developing erythromycin microspheres, and dru§ release was
mostly based on the host polymer hydrolyzing."*

Polycondensation enables the development of specialized
polymers, including phosphorus-containing polymers, mela-
mine/formaldehyde microspheres, and flexible foam and fiber
resins, finding use in pharmaceuticals and tissue engineering.
Synthetic biopolymers, with their distinct characteristics and
versatile synthesis methods, play a pivotal role in various
industries, from medicine to environmental protection.14

Poly(p,L-lactic acid) (PDLLA) was synthesized using D,L-
acid and SnCl, as a catalyst through melt polycondensation,
with a resulting Mz of 4100 Da. PDLLA was used for drug
delivery, producing effective microspheres for lung targeting
with good in vitro and in vivo performance for erythromycin
and ciprofloxacin with a sustained release profile. Tamarind
gum graft copolymers of polyacrylamide, synthesized using
ceric ammonium nitrate and microwave exposure, exhibited
enhanced properties, including increased swelling index,
thermal stability, and antibacterial activity.'> A multistep
procedure, including monomer selection, polymerization,
modification, characterization, and formulation, is required to
create bioengineered polymers, as shown in Table 1.

B TARGETED DRUG DELIVERY OF BIOENGINEERING
POLYMER-BASED NANOFORMULATIONS

Paul Ehrlich first proposed the concept of drug targeting at the
beginning of the 20th century. Ehrlich used the term “magic
bullet” to describe a hypothetical creature made up of a
therapeutic substance connected to a component capable of
identifying a disease target and allowing accurate medication
delivery. Targeted drug delivery, independent of route and
manner of drug administration, is the accumulation of the
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majority independent of the route and manner of drug
administration and the accumulation of most of the drug inside
a target zone.'® The particular molecular interaction between
medication and its receptor is known as a target—agonist
interaction. Bioengineered polymers have been developed to
improve the efficacy and safety of drug delivery to the various
sites of the gastrointestinal tract. These polymers can be
modified with various functional groups to allow targeted
delivery to particular cells or tissues along with various drug
release mechanisms like possessing gastro-retention or
mucoadhesion properties.”” The four essential elements of
retention, evasion, targeting, and release are necessary for
efficiently targeted drug delivery systems. For formulations
meant for intravenous administration, this entails effective drug
loading into a delivery vehicle, enough time spent in the
circulation to reach the body’s intended sites, retention by
particular characteristics within those sites (i.e., targeting), and
release of drugs at the target site within a window of time that
enables the drug to function as intended.'® According to the
drug delivery method chosen, multiple delivery systems are
needed for drugs that target specific areas of the body. An
adaptable system for the targeted delivery of drugs and other
therapeutic agents to treat different diseases of the gastro-
intestinal tract is provided by bioengineered polymers.

Chitin, present in crab exoskeletons, is the source of
chitosan, a biocompatible and biodegradable polymer.'” Due
to its mucoadhesive qualities, which enable it to bind to the
mucus layer lining the stomach, chitosan has been widely
researched for drug delivery to the stomach. Chitosan-based
nanoparticles have been developed to deliver chemotherapeu-
tic and anti-inflammatory drugs.”” Chitosan is widely utilized
to enhance drug absorption due to its mucoadhesion property
and tendency to interact and open tight junctions between
mucosal cells.”'

Coating of nanoparticles with advanced engineered poly-
mers possesses a smaller size that allows for the release of the
medication at the intended site in the brain following
intravenous administration, circumventing the blood—brain
barrier. Compared to free paclitaxel, the albumin-coated
polymeric formulation of paclitaxel (Abraxane) has demon-
strated superior response in the treatment of aggressive breast
cancer lately.”

The receptor for the oligopeptide sequence is exclusively
expressed by tumor cells, making it extremely selective to it.
The first cell-targeting polypeptide discovered was the
polypeptide known as RGD, which is composed of arginine,
glycine, and aspartic acid. It has a great affinity for avf3
integrins, which are overexpressed by both tumor cells and
angiogenic endothelial cells.”’

https://doi.org/10.1021/acsomega.3c07356
ACS Omega 2024, 9, 81-96


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

REVIEY

Alginate is a natural polysaccharide derived from brown
seaweed that is used for drug delivery to the stomach. Alginate
forms a gel-like matrix in the presence of calcium ions, which
can encapsulate drugs and protect them from degradation in
the stomach’s acidic environment.”* Alginate-based hydrogels
have been developed to sustain drug release to the stomach.
PLGA is a biodegradable polymer extensively studied for drug
delivery to the stomach due to its biocompatibility,
biodegradability, and flexible release kinetics*® Drugs such as
anti-inflammatory and chemotherapeutic drugs can be
delivered to the stomach precisely using PLGA-based nano-
particles and microparticles.

Utilizing bioengineered polymers to target particular cells or
tissues of any organ system is known as targeted medication
delivery. This strategy can be accomplished by adding ligands,
antibodies, or other targeted molecules to the polymer matrix.
Examples of targeted drug delivery systems include antibody-
conju§ated nanoparticles and peptide-targeted micropar-
ticles.”" Bioengineered polymers have shown great promise
in developing targeted drug delivery systems for various
diseases that affect the stomach and other parts of the
gastrointestinal tract. A potential strategy for generating
therapeutic applications in the stomach is the development
of bioengineered polymers. These polymers are artificial or
organic substances that were developed to resemble the
composition and traits of biological substances. They are ideal
for developing therapies for various stomach-related conditions
because they can be engineered to have specific characteristics,
like biodegradability, biocompatibility, and targeted drug
delivery.*

Drug delivery systems that adhere to the ulcer site and
release drugs such as ranitidine slowly can be developed using
bioengineered polymers. These systems may be developed to
deliver drugs over an extended period, boosting the rate of
ulcer healing. The polymers used in this application can be
made specifically to meet the needs of the drug being given.*’
The lower esophageal sphincter (LES) can be strengthened,
and the opening through which acid enters the stomach can be
reduced by implanting devices made of bioengineered
polymers. To aid in the recovery of LESs and stop acid reflux,
these devices may be made of biodegradable materials that
release drugs gradually. For this purpose, the polymers must be
robust.”* Drug delivery methods that target stomach cancer
cells while minimizing the risk to healthy cells can be
developed using bioengineered polymers. These devices can
be made to release the drug gradually over time, allowing for
sustained drug delivery to the cancerous tissue. The polymers
used in this application can be tailored to meet the particular
needs of the drug being given.”

Drug delivery methods for targeting the stomach can also be
developed with the help of bioengineered polymers. To
increase treatment effectiveness and reduce side effects, these
systems can be engineered to release medication gradually at
the targeted site. The polymers used for this can be customized
to meet the needs of the drugs being administered and are
biocompatible and biodegradable.*>*® Bioengineered polymers
can be used to develop drug delivery systems that particularly
target the inflammatory tissue in inflammatory bowel disease.
These systems can be made to release the drug gradually over
time, allowing for sustained drug delivery to the inflammatory
site. Devices implanted in the stomach to help functional
dyspepsia can be developed using bioengineered polymers that

84

can release drugs gradually, helping to control gastric motility
and reduce symptoms.

B BIOENGINEERED MATERIALS

Bioengineering is the application of principles and methods
from engineering, biology, and other fields to solve problems in
healthcare, agriculture, environmental science, and other
areas.”® Bioengineered materials are created or modified by
using biological processes or materials. These special materials
have been used in biosensors, tissue engineering, drug delivery,
and other fields.” Tissue engineering is one of the most
exciting uses of bioengineered materials. Creating new organs
or tissues in a lab and then transplanting them into the body to
substitute diseased or damaged tissue is known as tissue
engineering.40 New cells can be grown on scaffolds made from
bioengineered materials. These scaffolds serve as a structure for
cells to develop and arrange themselves into useful tissue.
Hydrogels, manufactured polymers, and natural polymers can
all be used to create tissue engineering materials (Figure 2). In

Creating new organ

Biosensors

Tissue engineering

Drug Deilvery system

Figure 2. Application of tissue engineering. Adapted from ref 48. CC
BY 4.0, 2021, MDPL

the laboratory, synthetic polymers are made and can be
modified to have particular characteristics, such as strength and
flexibility.*** Collagen and fibrin are natural polymers that
can be extracted from the body and treated as scaffolds. A form
of material called hydrogel can absorb a lot of water and has
characteristics similar to those of natural tissue.*’ In addition
to scaffolds, bioengineered materials can be used as coverings
for medical devices such as stents and implants. These coatings
can help prevent the body from rejecting the device and
promote tissue growth around the device. Drug distribution is
another use for bioengineered materials.** A liposome is an
illustration of a bioengineered drug delivery mechanism.
Liposomes are tiny lipid-based spheres that can contain
medicines.”> The drug will gradually be released into the
bloodstream after the liposome has been injected. Liposomes
can release drugs at particular body places such as tumor sites.
Biosensors are tools that can identify and quantify biological

https://doi.org/10.1021/acsomega.3c07356
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elements such as DNA and proteins. A few biosensor
applications include food safety, environmental monitoring,
and medical diagnostics.”® Bioengineered biosensors can be
developed by attaching living molecules to a surface. In
addition to other materials, polymers, metals, and semi-
conductors can be employed to create biosensors. A
bioengineered biosensor is an example, such as a glucose
monitor.”” Some of the bioengineered materials are as follows.

Gold Nanoparticles. Gold nanoparticles (AuNPs) are a
form of a bioengineered material. They are a particular class of
nanoparticle with a size between 1 and 100 nm with a
crystalline arrangement of gold atoms.*” The amazing optical,
electrical, and catalytic capabilities that gold nanoparticles have
been found to possess have made them valuable in a variety of
applications. The optical characteristics of gold nanoparticles
are among their characteristics. When subjected to electro-
magnetic radiation, they display a phenomenon called surface
plasmon resonance (SPR), which is the collective oscillation of
electrons on the surface of the particle’s surface. The size and
shape of the nanoparticle affect the SPR frequency, and this
characteristic can be utilized to identify distinct molecules in a
sample. As a result, biosensors using gold nanoparticles to
identify biological components, including DNA and proteins,
have been developed. The electrical characteristics of the gold
nanoparticles are also significant. They are very conductive and
can be an ideal substrate for electron transfer reactions. Due to
this characteristic, gold nanoparticles can be used for
electrochemical catalysis and sensing. Various biomolecules,
including proteins, peptides, and antibodies, can be function-
alized onto these AuNPs. This allows them to be used in
various applications, including cancer therapy and drug
delivery. They can be functionalized for drug delivery by
adding medicines and ligands that can target particular cells or
tissues. This can lessen the drug’s toxicity while increasing its
effectiveness. Gold nanoparticles can be functionalized with
antibodies that target cancer cells for use in cancer therapy.”
The nanoparticles produce heat when exposed to light, which
can specifically destroy cancer cells. Gold nanoparticles have
unique optical properties, making them useful as contrast
agents in imaging. Gold nanoparticles have found uses in
several fields, including imaging and photothermal therapy, in
addition to their employment in biosensors, medication
transport, and cancer therapy.’

Iron Oxide Nanoparticles. Iron oxide nanoparticles
(IONPs) are a class of bioengineered materials that have
garnered much interest due to their distinctive magnetic
characteristics. They are a particular type of iron oxide
nanoparticle with a 5—100 nm diameter, frequently magnetite
(Fe;0,) or maghemite (—Fe,O;). Since IONPs may be
synthesized in various shapes, sizes, and protein functionaliza-
tion, they are well-suited for a wide range of biological
applications. The main characteristics of IONPs are their
magnetic properties. They keep their magnetism when exposed
to an external magnetic field due to their superparamagnetic
nature, but they lose it when the field is removed. Because of
this property, they have been used in several applications,
including cardiology, medicine administration, and magnetic
hyperthermia.”>® Cancer cells can be killed during hyper-
thermia by being selectively heated by IONPs, while the
surrounding healthy cells are left unharmed. By creating heat
when exposed to an external magnetic field, IONPs can be
used to target heat cancer cells.”* This might lessen side effects
while enhancing the efficacy of cancer treatment. They are
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biocompatible and can be functionalized with specific proteins,
such as antibodies, to target particular cells or tissues. When
subjected to an external magnetic field, the IONPs create a
magnetic moment that the MRI scanner can detect and use for
high-resolution imaging.”> Adding drugs can be functionalized
for drug delivery, and ligands can then be employed to target
specific cells or regions. When exposed to an external magnetic
field, the IONPs are drawn to the target cells or tissues, making
it possible for the medication to be delivered to the desired
location. This might improve the drug’s effectiveness while
lowering its toxicity.”®

Additionally, IONPs have been applied in some industries
including tissue engineering and biosensors. IONPs are utilized
as scaffolds in tissue engineering to promote the growth of cells
and tissues. IONPs can be employed as labels in biosensors to
find specific molecules, including proteins and DNA. Stability,
biocompatibility, and targeting capabilities are the areas to
expand on for their usefulness in clinical settings.””**

Quantum Dots. Quantum dots (QDs), a subclass of
semiconductor nanoparticles, have unique optical properties.
They are commonly built of semiconductors like indium
phosphide (InP) or cadmium selenide (CdSe), and their
diameter ranges from 1 to 10 nm. Depending on their size, the
QDs’ optical properties can produce light either at higher
energy or shorter wavelengths. QDs release light at specific
wavelengths and have a high luminosity, depending on their
size. This property makes them potentially useful fluorescent
probes for imaging and sensing applications.”” QDs can be
functionalized with specific proteins, such as antibodies, to
enable targeted imaging of certain cells or tissues. They can
also be used as sensors to identify certain ions or chemicals in
biological samples.

Numerous biomedical fields, including tissue engineering,
medication delivery, and the detection and therapy of cancer,
have found applications for them.®® For cancer diagnosis, QDs
can be used as contrast agents for imaging techniques, such as
computed tomography (CT) and fluorescence imaging. Drug
delivery and therapy can also be enhanced by functionalizing
drugs with them and directing them toward cancer cells. QDs
can be functionalized with delivered drugs and targeted with
ligands to specific cells or tissues. This might improve the
effectiveness of the drug while reducing its toxicity. QDs have
also been used as scaffolds in tissue engineering to promote the
growth of cells and tissues.”' To improve the efficiency of light
absorption, energy conversion, and color accuracy in solar
cells, QDs can be used. Additionally, they offer super optical
properties used in solar cells. QDs may have benefits, but there
are concerns about their toxicity, especially since some QDs
contain heavy metals like cadmium. Scientists are working to
develop nontoxic QDs and studying how QDs impact
biological systems to assuage these concerns.””

Fullerenes. Fullerenes are a particular class of carbon
molecules that Sir Harold W. Kroto, Smalley, and Curl, Jr. first
identified in 1985. They were honored with the 1996 Nobel
Prize in Chemistry for their work. A hollow sphere, ellipsoid,
or tube made completely of carbon atoms organized in a three-
dimensional lattice makes up the distinctive structure of
fullerenes.”* The buckminsterfullerene (Cg,), which has a
spherical shape resembling a football, is the most prevalent
fullerene. Due to their distinctive electrical and optical
characteristics, fullerenes can be used in various applications.
Due to their capacity to pass through cell membranes and
biocompatibility, fullerenes can be employed in medication
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delivery as carriers for pharmaceuticals or biomolecules. To
improve their biocompatibility and targeted specificity, full-
erenes can also be functionalized with different compounds
such as amino acids, sugars, and peptides. Fullerenes can be
employed as contrast agents in bioimaging because of their
high electron density and outstanding imaging resolution.’**®
Photodynamic therapy, which involves turning on a photo-
sensitive chemical to cause cell death, has also been utilized as
a photosensitizer. They serve as electron acceptors in organic
solar cells used in photovoltaic systems. An electrical current
can be produced by transferring electrons to the fullerene
molecule. They could also be used in nanotechnology and
materials science. Due to their distinctive structure and
electrical characteristics, they are appealing for use in creating
nanoscale materials and devices, including sensors and
batteries.””*®

Carbon Dots. Carbon dots are a specific type of carbon
nanoparticle that are attractive for a range of applications in
materials science and biomedical engineering due to their
distinctive photoluminescence characteristics. These nano-
particles can be functionalized with different molecules and
made from various carbon sources such as carbon nanotubes,
graphene, and diamonds. They are intriguing candidates for
numerous biomedical applications because of their excellent
biocompatibility, low toxicity, and great stability.””’° Typically,
they have a diameter of under 10 nm. With excellent sensitivity
and resolution, carbon dots can be used as fluorescent probes
in bioimaging to scan cells and tissues. Due to their tiny size
and adjustable photoluminescence capabilities, they are ideal
for several imaging techniques, including confocal microscopy
and flow cytometry. Carbon dots can be functionalized with
various biomolecules, such as antibodies and enzymes, to
detect specific analytes such as glucose, DNA, and proteins.
Due to their photoluminescence properties, which enable the
sensitive and exact detection of these analytes, carbon dots are
the preferred material for biosensors.”' They can also be
functionalized with drug molecules and directed to particular
cells or tissues for controlled drug release when used in
medication delivery. Carbon dots” small size and biocompat-
ibility enable effective drug administration with minimal
toxicity and adverse effects. Carbon dots have potential usages
in energy conversion and storage, such as in solar cells and
batteries, in addition to their medicinal applications. These
devices’ special photoluminescence features can be leveraged
to improve their functionality, resulting in greater efficiency
and stability. There are significant difficulties in the synthesis
and functionalization of carbon dots despite their promising
uses.”” Further study is required to improve the production
processes, comprehend the biocompatibility and toxicity of
these nanoparticles, and create applications for them that are
both safe and efficient.

Graphene. The 2D substance, known as graphene, is
composed of a single layer of carbon atoms organized in a
hexagonal lattice. Andre Geim and Konstantin Novoselov, who
shared the 2010 Nobel Prize in Physics for their research, were
the ones who first isolated and studied the molecule in 2004.
Due to its exceptional qualities, including its high thermal
conductivity, electrical conductivity, and good mechanical
strength, graphene has attracted a lot of attention.””
Graphene’s mechanical strength is one of its most impressive
characteristics. It is more than 100 times stronger than steel
and the strongest substance yet discovered with a tensile
strength of over 130 gigapascals. Its flexibility, low weight, and
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strength make it a desirable material for use in the aircraft
industry and other fields where weight and strength are
crucial.”* These graphenes have very good electrical con-
ductivity. Due to its rapid electron mobility and low resistance,
it is the perfect material for use in electronics, including
transistors, sensors, and conductive coatings. Graphene’s
distinct electrical characteristics also make it appropriate for
quantum computing and other cutting-edge technologies.
Graphene is a promising material for heat management
applications due to its high thermal conductivity and
combination of mechanical, electrical, and mechanical
characteristics. Due to its substantial surface area and potency
to conduct heat effectively, it is a desired material for thermal
management systems, such as heat sinks and thermal interface
materials.

Graphene has shown promise as an energy storage material
in batteries and supercapacitors. Its enormous surface area and
great electrical conductivity make it desirable for electrode
materials, enabling high-capacity and high-performance energy
storage systems.”” They are two-dimensional materials with
excellent mechanical, electrical, and thermal properties,
enabling a wide range of applications in industries, including
aircraft, electronics, and thermal management. Due to its
distinctive qualities, it offers a promising application for
cutting-edge technology and developing sectors.”® To fully
realize the potential of graphene in the coming years, research
is currently concentrated on addressing the difficulties of large-
scale production and the incorporation of graphene into useful
applications.””

Nanodiamonds. Nanodiamonds, an interesting subset of
diamond nanoparticles, have garnered a great deal of interest in
nanotechnology. These nanoparticles, which typically have
sizes between 2 and 10 nm, are composed of crystalline
diamonds and have special optical and mechanical capabilities.
Particularly biocompatible, nanodiamonds are excellent for
various biological applications.”® Nanodiamonds’ versatility in
being functionalized with other biomolecules such as proteins
or peptides is one of their main benefits. They can therefore be
utilized as targeted drug delivery systems, enabling the release
of medications directly to particular cells or tissues within the
body. Nanodiamonds can also pass through cell membranes
due to their small size, which increases their potential in drug
delivery applications.”” The use of nanodiamonds in
biosensing and bioimaging is also significant. Nanodiamonds
are excellent fluorescent probes for monitoring the movement
of biomolecules in biological systems due to their strong
fluorescence and high refractive index.

Additionally, biosensing applications can take advantage of
the luminous characteristics of nanodiamonds to identify
certain proteins or analytes in intricate biological samples.
Many industrial applications are attracted by the special
mechanical qualities of nanodiamonds.*”*' Nanodiamonds are
excellent coatings for cutting tools and wear-resistant surfaces
due to their extreme hardness and wear resistance. Due to their
great electrical conductivity, they are also being researched for
quantum computing and other electronic applications.
However, further study in this area is anticipated to produce
innovative new uses for these extraordinary nanoparticles.

Carbon Nanotubes. Due to their exceptional physical and
chemical characteristics, carbon nanotubes (CNTs) are a
special type of nanoparticle that have recently attracted much
attention. All carbon atoms in these cylinder-shaped
formations give them tremendous mechanical strength,
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Figure 3. Diverse bioengineered materials used in drug delivery systems.
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electrical conductivity, and thermal s.tability.82 Biomedical
engineering is one of the most fascinating fields in which
CNTs are used. These nanoparticles can be functionalized with
a range of biomolecules, such as peptides or proteins, and it
has been demonstrated that they have high biocompatibility.
This makes them ideal for use in targeted drug delivery
systems, where they can deliver drugs directly to specific cells
or tissues within the body.

CNTs’ small size makes it possible to pass through cell
membranes, increasing their potential in drug delivery
applications.*® Bioimaging is a possible area of use for
CNTs. These nanoparticles can be used as fluorescent probes
and imaging agents because of their distinctive optical
characteristics. Researchers may detect the movement of
biomolecules in living cells or tissues in real time because of
the ability of these devices to generate light at precise
wavelengths. In addition to their uses in biomedicine, CNTs
have been introduced to several other industries.*”*> They
have been employed in creating cutting-edge materials
including composites, energy storage systems, and electronic
parts. They constitute a great contender for usage in the
aerospace and defense industries due to their superior
mechanical strength and electrical conductivity.”® Nanoma-
terials perform exceptionally well in many applications because
they differ from bulk materials in their physicochemical
features including size, reactivity, surface area, and shape.
There are various criteria by which nanomaterials can be
categorized.®” All of these bioengineered materials used in drug
delivery systems with their target are shown in Figure 3.

B PHYSIOCHEMICAL PROPERTIES OF
BIOENGINEERED POLYMER-BASED
NANOTECHNOLOGY

Nanoparticles can be used in a long list of applications due to
their unique physiochemical properties listed below:
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Catalytic Properties. The size, shape, composition,
interparticle spacing, oxidation state, and support of the NPs
all affect their catalytic capabilities. The NPs become smaller as
their catalytic activity increases.”® The shape also has an impact
on the reactivity and the selectivity of the NPs. Hemispherical
NPs were discovered to be more active than spherical ones for
oxidation of CO by Au NPs.*” The use of alloys increases the
catalytic activity of NPs because the alloying impact alters the
catalyst’s electrical characteristics, reduces poisoning effects,
and produces various selectivity.”’

Electronic and Optical Properties. Metallic and semi-
conductor nanoparticles (NPs) have fascinating electrical and
optical capabilities as a result of phenomena like localized
surface plasmon resonance (LSPR) effect and quantum
confinement.”’ When the frequency of the light photons
equals the collective excitation of the conducting electrons, the
LSPR phenomenon takes place. In noble metal NPs, a
substantial size-dependent UV—visible extinction band results
from this phenomenon that is not present in bulk metals. Size,
shape, and the surrounding dielectric environment all have an
impact on NPs’ optical characteristics.””

Magnetic Properties. All magnetic compounds have a
“magnetic element”, such as Fe, Co, or Ni (at room
temperature), in their formula. Sc;In, ZrZn,, and TiBe,_,Cu,
are the only three exceptions to mixed diamagnetic elements
that are currently known. Otherwise, diamagnetic elements,
such as Pd, Au, or Ag, exist. On the nanoscale, everything is
altered. Uneven electrical dispersion leads to the formation of
NPs from various materials. For instance, FeAl is not magnetic
in the bulk but becomes magnetic when it is in the form of
NPs. The magnetic anisotropy energy per NP reduces as NP
size decreases.”” The energy that maintains the magnetic
moment in a specific orientation is known as the magnetic
anisotropy energy. The anisotropy energy equals the thermal
energy at a characteristic size for each type of NP, allowing the
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random flipping of the magnetic moment, in which case the
NP is referred to as superparamagnetic.g4

B APPLICATION OF BIOENGINEERED POLYMER IN
VARIOUS FIELDS OF HEALTHCARE

The healthcare field is evolving quickly, and the ideas of tissue
engineering and regenerative medicine are helping to move the
focus from replacement to regeneration. For thousands of
patients yearly, tissue engineering promises amazing medical
treatment at lower medical costs. The growing newer
technologies of tissue engineering and regenerative medicine
will address the limitations of the existing healthcare
approaches, such as organ transplantation. Engineered organs
could avoid the issues with organ transplantation, which could
be a boon to healthcare in the future.”® Tissue engineering and
cell therapy have recently been developing as viable treatments
for heart disorders. Research activities have sought to restore
the ailing heart through the epicardial implantation of a
bioengineered tissue patch preseeded with bone marrow cells
or BM-derived mesenchymal stem cells. Natural and synthetic
polymers such as collagen, fibrin, PGA, PLGA, etc. are
employed for these uses. Recently, the infracted myocardium
has been repaired using in situ cardiac tissue engineering and
injectable biomaterials. This strategy has several benefits, such
as being less intrusive and encouraging repair by enhancing
donor cell retention and neo-angiogenesis.”® An alternative cell
source is adipocyte stem cells, which can spontaneously
develop into functional cardiomyocytes.”’
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Large numbers of disposable medical devices fabricated from
nondegradable biomaterials pose a serious environmental and
economic issue. With the advances in technology, this is
putting a huge burden on our environment on a global scale.
Advanced technologies in bioengineering and biomaterials can
be applied to tailor the biodegradability of materials to render
them nontoxic to our environment. Biodegradable polymers
like PLA, poly(glycolide), poly p-, and L-(lactic-co-glycolide)
have emerged as promising materials for use as disposable
medical devices and are environmentally friendly.”® Biode-
gradable polymers can be used as medical devices since they
deteriorate by the straightforward hydrolysis of ester linkages,
and their hydrolytic byproducts are not hazardous to
mammalian tissue. Synthetic degradable polyesters have been
employed as bone fixation tools, suture materials, etc.
Compared to metallic implants, absorbable systems have
several advantages, such as avoiding a second surgery. Further
developments in biomaterials and polymer technology (as
shown in Figure 4) may result in more promising
biodegradable medical devices that significantly advance
healthcare.”

Some examples of bioengineered polymers that can be used
in the treatment of various diseases are as follows:

Cancer. Bioengineered polymers can deliver chemotherapy
drugs directly to cancer cells in the stomach while minimizing
damage to healthy tissue. For example, researchers have
developed chitosan-based nanoparticles that can deliver
doxorubicin, a chemotherapy drug, specifically to gastric
cancer cells. The nanoparticles are modified with folate,
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Table 2. Different Areas Where Bioengineered Polymers Can Be Used

S. No. Field
1. Medical devices

Medical equipment like sutures, stents, and catheters are made from bioengineered polymers. Polymers are ideal for various

Details Ref.

111

devices because they can be engineered to have particular mechanical properties.

2. Diagnostics

in body fluids like blood and urine.

3. Organ on a chip
functionality of organs.

4. Neuroprosthetics

In diagnostics, bioengineered polymers can be utilized to develop sensors and assays that can identify particular biomolecules
For use in drug testing and research, bioengineered polymers are used to make microfluidic devices that can imitate the

To develop implants that can interact with the nervous system for use in treating conditions like Parkinson’s disease and

112

113

114

spinal cord injuries, bioengineered polymers can be used.

S. Tissue engineering
. Dental material
7. Orthopedics

Scaffolds composed of bioengineered polymers are used to assist the development of new tissues like skin, bone, and cartilage.
Dental materials like fillings, crowns, and bridges can be made from bioengineered polymers.

Orthopedic implants like spinal fusion devices and joint replacements are made from bioengineered polymers. It is possible to

115
116
117

design the polymers to have particular mechanical characteristics similar to those of natural bone and cartilage.

which targets the folate receptor expressed on the surface of
many cancer cells.'”" According to the study, aminocellulose-
grafted polymeric nanoparticles contain LCS-1 for synthetic
targeting of checkpoint kinase 2 (CHEK2). Aminocellulose
(AC), a highly biocompatible and biodegradable hydrophilic
polymer, was grafted over polycaprolactone (PCL), and a
nanoprecipitation method was employed for formulating
nanoparticles containing LCS-1. In this study, they used
LCS-1-loaded PCL-AC NPs to specifically inhibit CHEK2-
deficient HCT116 CRC cells by taking advantage of the
synthetic lethal interaction between SOD1 and CHEK2.
Additionally, the size, cellular absorption, and survival of
PCL-AC nanoparticles were evaluated in relation to the
impacts of protein corona formation. Using a zeta sizer, LCS-1-
loaded NPs were measured for size, zeta potential, and the
polydispersity index. Transmission electron microscopy,
scanning electron microscopy, and atomic force microscopy
analyses were used to examine the morphological features.
Confocal imaging demonstrated cellular internalization and
uptake of nanoparticles by HCT116 cells. Also, nanoparticles
were cytocompatible as they did not induce cytotoxicity in
hTERT and HEK-293 cells.'”

Diabetes. Diabetes is a chronic disease that affects millions
of people worldwide. One of the key challenges in diabetes
management is the delivery of insulin or other medications to
the appropriate site in the body. Bioengineered polymers can
be used to overcome this challenge by providing a targeted and
sustained delivery of drugs to the site of action. One promising
approach for diabetes management is the delivery of insulin to
the stomach.'” The stomach is an important site of drug
absorption, and insulin delivered to the stomach can be rapidly
absorbed into the bloodstream. However, the stomach’s acidic
environment might cause insulin to break down, reducing its
effectiveness. In a study reported by Zhang et al. a novel oral
protein—drug delivery system composed of starch nano-
particles (SNPs) and poly (L-glutamic acid) (PGA) was
successfully synthesized via click reaction.'”* The copolymer,
SNP-g-PGA, exhibited efficient grafting and structural
confirmation. This copolymer formed amphiphilic aggregates
with pH-dependent properties. In vitro insulin release
experiments demonstrated that insulin was released more
slowly in acidic conditions (pH 1.2) due to the copolymer’s
excellent stability, making it a promising candidate for
controlled insulin release.'>'%® Researchers have also created
a bioengineered hydrogel that can carry insulin to the stomach
and keep it from degrading to solve this problem. Alginate and
chitosan, two biocompatible and biodegradable polymers,
comprise the hydrogel. Natural polymers that are produced
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from chitin, such as chitosan, have mucoadhesive properties,
while alginate is a polysaccharide that naturally forms a gel
when divalent cations are present. Chitosan Protects the
pancreatic f-cells and promotes insulin secretion.'’”” After
being transported to the stomach, the hydrogel is filled with
insulin and forms a gel that releases insulin over time. The
alginate component of the hydrogel protects against deterio-
ration in the acidic environment of the stomach, while the
chitosan component improves the hydrogel’s attachment to the
stomach lining. The hydrogel was well-tolerated and had no
negative effects as previously reported.'””

Gastrointestinal Disorders. A variety of symptoms can be
caused by digestive disorders, such as inflammatory bowel
disease and irritable bowel syndrome, which can be difficult to
manage adequately. A promising method of delivering
medications or treatments directly to the affected area of the
gastrointestinal tract is provided by bioengineered polymers.
This method can enhance treatment outcomes and lessen the
adverse effects. To treat ulcerative colitis, an inflammatory
bowel disease that damages the colon, mesalamine is a
frequently prescribed medication. Creating a PLGA-based
polymer that can carry mesalamine to the colon is one instance
of a bioengineered polymer that can be used to treat
gastrointestinal disorders. A bile acid derivative was added to
the PLGA polymer to enable it to target the colon precisely.
The polymer can release mesalamine locally in the colon
because of the bile acid derivative’s improvement of the
polymer’s solubility in the colonic fluid. The change also makes
the polymer more adherent to the intestinal epithelium, which
increases medication absorption.'””

Infectious Diseases. Helicobacter pylori (H. pylori) is a
Gram-negative bacterium that can colonize the stomach lining
and cause gastritis, peptic ulcers, and gastric cancer. Conven-
tional antibiotic therapies for H. pylori infections often have
low efficacy and can lead to antibiotic resistance. Therefore,
there is a need for alternative therapies that can specifically
target H. pylori while minimizing the side effects on normal
microbiota. Bioengineered polymers can be a promising
approach to deliver antimicrobial agents directly to the
stomach and combat H. pylori infections. One example is
using chitosan-based polymers that can deliver lysozyme, an
enzyme that can disrupt the cell walls of bacterial pathogens.' "’
Some examples of how bioengineered polymers are used in
various healthcare fields are listed in Table 2.

Patents. The unique characteristics of bioengineered
polymers, such as biocompatibility, controllable mechanical
properties, and controlled degradation, have drawn much
attention. These materials are widely used in many healthcare
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industries such as tissue engineering, drug delivery systems,
medical equipment, and regenerative medicine. Table 3
enumerates various patents relating to bioengineered polymers
and their uses in various healthcare fields.

B FUTURE PERSPECTIVE

There is still much to learn about these materials and their
potential uses, even though bioengineered polymers have
tremendous promise for treating gastrointestinal disorders.
Future research and development in this area may focus on a
variety of significant areas to further improve the effectiveness
and safety of bioengineered polymers. There may be other
materials with even higher potential for drug delivery in the
stomach than the current bioengineered polymers, such as
PLGA and chitosan, which have shown encouraging outcomes
in preclinical studies. For example, new studies have
investigated protein-based polymers for drug delivery,
including silk fibroin and polypeptides that resemble elastin."”
These substances’ distinctive qualities may improve drug
stability, absorption, and targeting of the gut. Furthermore,
there is a need for more research on the behavior and
biocompatibility of bioengineered materials. Although many
bioengineered polymers have shown encouraging results in
vitro and preclinical studies, much more research is needed to
understand how they behave in vivo.

Further research could examine the biodistribution,
biodegradation, and immune response of bioengineered
polymers in animal models and human clinical trials to
confirm their effectiveness and safety. Advanced imaging
methods must be further developed to track the bioengineered
polymers’ distribution and utility in vivo. In preclinical studies,
modern imaging methods like MRI and CT have shown
promise, but there is still much to learn about how well they
can monitor drug delivery and trace disease progression in
individuals."*> For better tracking of drug—polymer formula-
tions in vivo, additional studies might investigate the
development of novel imaging techniques such as molecular
imaging and positron emission tomography (PET).

B LIMITATIONS
Due to their biocompatibility, biodegradability, and adaptable

properties, bioengineered polymers have shown potential as
drug delivery systems. However, several restrictions must be
considered when delivering therapeutic substances through the
stomach. For bioengineered polymers used in medication
administration, the stomach’s acidic environment poses a
challenge because it can result in their breakdown and
decreased efficiency.'”® Before these polymers reach their
intended target site, digestive enzymes in the stomach can
degrade them. The mucus barrier that protects the stomach
lining and the rapid stomach emptying may also prevent
bioengineered polymers from being delivered to the desired
area and releasing their contents. Furthermore, these polymers’
limited drug load capacity limits their potential to deliver more
potent or various therapeutic agents. A practical restriction
could be the expense and difficulty of synthesizing and
bioengineering polymers for medication delivery. Last but not
least, using bioengineered polymers carries a danger of
immunological responses or allergic reactions, hence neces-
sitating a primary quality control system before the
administration. "’

92

B CONCLUSION

Bioengineered polymers have shown considerable promise in
drug delivery, especially for the transfer of therapeutic drugs
through the stomach. These polymers have better drug
stability, controlled release, and targeted distribution than
those of conventional drug delivery systems. Bioengineered
polymers can improve drug stability, which helps protect drugs
from degradation and enhances their shelf life. These polymers
can also be designed to control the release of drugs, allowing
for sustained drug release over an extended period, which can
enhance the therapeutic efficacy and reduce side effects.
Another critical advantage of bioengineered polymers is their
ability to target specific tissues or cells within the body, which
is crucial for delivering drugs to the intended site of action
while minimizing their impact on healthy tissues. Researchers
can produce polymers that specifically bind to target cells by
altering the polymer structure or incorporating targeting
ligands, which increase medication uptake and lower the
necessary drug dose. They can be utilized safely inside the
human body without tissue irritation or toxicity because they
are also biocompatible and biodegradable. These polymers are
made to degrade over time, and the byproducts of their
decomposition are nontoxic and easily excreted from the body
through physiological processes. Bioengineered polymers can
efficiently deliver a variety of therapeutic agents such as
proteins, peptides, and small molecules. Thus, compared with
conventional delivery methods, bioengineered polymers have
been utilized to transport insulin, a protein hormone used to
treat diabetes. Additionally, chemotherapeutic medicines for
cancer treatment have been delivered using bioengineered
polymers. These polymers are projected to become more
important with further research and development in enhancing
the efficacy and safety of medicine delivery, which will in the
long run enhance health outcomes and life quality.
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