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Abstract

Novel drug delivery system utilizing "smart" polymer to get significant and
attracting changes in the targeting of drugs, increasing the bioavailability of drugs,
enhancement patient compliance, and gene therapy.

Smart polymers are substances that make responses to different stimuli like pH
changes, light stimuli, and temperature change. Smart polymeric materials respond to
slight changes in their surroundings by changing their properties dramatically.
Temperature, pH, chemicals, and light are all examples of environmental stimuli.
Stimulus-sensitive materials that are "smart™ can be manufactured or natural .The
current review focuses on externally (pulsatile) and internally (self-regulated)
controlled systems, which include pre-programmed systems as well as systems
sensitive to stimuli such as pH, magnetic fields, glucose, ultrasounds, electric fields,
temperature, light, and mechanical stimulation. To build a smart medication delivery
system, it is necessary to have knowledge of smart polymeric materials, stimuli, and
adaptive features.
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Introduction

A polymer is a substance consisting of long molecules or macromolecules
composed of many repeating subunits [1].Polymerization is a chemical reaction that
results in the formation of polymers. Polymerization can take many forms, but it
usually involves a large number of molecules or monomers repeating chemical bonds.
Heat, pressure, and catalysis are all used to modify the chemical bonds that hold
monomers together. They do so in a linear fashion most of the time, resulting in
polymers, which are chains of monomers [2].

The term "smart polymer™ refers to a variety of compounds that can alter their color,
transparency, or shape in reaction to their surroundings; they're smart because they
can react quickly to even minor changes in their environment. For example, a small
change in temperature, humidity, pH, or light can cause a significant change in the
polymer's characteristics, and this non-linear response is what distinguishes it. Smart
polymers have a tendency to react all or nothing, and the change is homogeneous
across the material [3].

The qualities of smart polymer include being vitally compatible, potent, soft, stretchy,
and simple to design and color. They improve patient compliance, preserve drug
stability, and act as nutrition carriers in the cells. Polymers are a popular choice for
drug delivery carrier modeling. Polymer therapies are being used in a wide range of
topologies, both at the macroscale and at the microscale [4-6].

By introducing functional groups to polymers, they may be made to expand and
contract selectively, changing mass and elasticity as a function of analysis
concentration. In the construction of potentiometers-sensors, specific features of ion-
exchange of conducting polymers are of interest. Polymers' conducting qualities are
ideal for sensor applications because they don't have a lot of conductivity or
electroactivity. To adjust selectivity, "smart polymers" can be employed as a generic
matrix with other chemicals. Non-conductive polymers are often highly selective and
have high impedance when it comes to conductive polymers, which is critical for
elimination interference by other electroactive species [7-12].

It is a promising adaption of the natural polymers technique for the production of
innovative materials. Graft co-polymerization of vinyl monomers onto natural
polymers is a good way to test these materials. Agricultural materials were used for
the first time to create "absorbent resins,” which were distinguished by hydrolyzed
corn starch-g-poly (acrylonitrile), H-SPAN. Researchers graft copolymerized starches
from various sources and other polysaccharides such as cellulose, hydroxyl-ethyl
cellulose, agar, sodium alginate, and guar gum together to create water-absorbing
polymers [13-15].
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Advantages of ""'smart" polymer

e Smart polymers are ideal because they are non-thrombogenic, biocompatible,
robust, flexible, resilient, resistant, and easy to color and mold.
Greater patient compliance.
Maintain the consistency of medicine, and keep the dosage within the
therapeutic window.
It's simple to make, employed in a blood-contact application.
Smart polymers efficiently carry nutrients to cells and produce
The main advantages of "smart polymer" based drug delivery systems include
decreased dosing, easy handling, and maintenance of desired therapeutic
concentration with a single dose.

e Extended-release of the incorporated drug, and lower side effects [16-17].

Disadvantages of ""Smart"* polymer

e They're usually mechanically weak.
e Drugs and cells often hard to load and crosslink in- vitro as a premade matrix,
e They can be difficult to sterilize [18].

Applications of "'smart" polymers:

Polymeric materials are utilized in and on the soil to improve aeration, plant
development, and health in agriculture and agribusiness.

e Medicine: Many biomaterials, particularly heart valves and blood arteries,
have been produced utilizing polymers such as Dacron, Teflon, and
polyurethane.

e Industry: Polymers applications in the consumer market include automobile
components, fighter plane windshields, pipes, tanks, packaging materials,
insulation, wood replacements, adhesives, composite matrix, and elastomers
[19].

e "'Smart polymer''-based biosensors:

Changes in the level of specific tests, such as glucose in the case of diabetes, or
changes in physical parameters, such as temperature or pH in the stomach, are used in
clinical diagnostics and forensic analysis to determine gastrointestinal ischemia,
which occurs in a variety of disorders. Biosensors and actuators work in conjunction
with medical equipment like glucose sensors and insulin delivery systems [20].
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e Drug delivery systems: Environmental stimuli cause living systems to react,
interacting with and adapting to changing external situations. Smart polymers
have been produced by polymer scientists to replicate this characteristic. Only
a few of the applications include controlled/activated/targeted drug delivery
vehicles, tissue engineering scaffolds, cell culture carriers, bioseparation
apparatus, sensors, and actuators / artificial muscles. Smart polymers can
simulate biological demand with a regulated or pulsed drug release pattern,
which shows potential for drug delivery. Another advantage is that they
operate independently of any extra sensors, converters, switches, or pumps
[21].

In the late 1970s, the first report of stimulus-responsive polymer-based drug delivery
systems was the use of heat-sensitive liposomes for local drug delivery via
hyperthermia. [22].

System components must be simple to use, capable of delivering to targeted places
in response to a stimulus, and non-toxic, biocompatible, and biodegradable. Various
types of stimulus-sensitive polymer-based materials were used in this application,
including:

e Cross- linking polymer
e Non- cross linking block copolymer matrices

Cross- linking Polymer

Along with hydrogels and microgels, they are several forms of stimulus-sensitive
polymers used for controlled drug administration."Hydrogel™ can be employed in a
range of biomedical applications due to its porous structure and ability to swell in
water. Different types of hydrogels can regulate the degree of swelling according to
changes in their surroundings. Different types of injection and transdermal
medications have been created as hydrogels for drug delivery systems due to their
designs and capabilities [24-26]. Microgels polymers can be made biocompatible in
the same way as hydrogels; however they have numerous advantages over hydrogels
when employed as biomaterials due to their small size. Microgels respond to
environmental stimuli significantly faster than hydrogels, which is an added benefit.
Microgels are biodegradable and can be chemically manipulated to circulate in the
bloodstream for extended periods of time. [27- 28].
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Non- cross linking block copolymer matrices

Liposomes, micelles, and vesicles, which are non-cross linked self-assembled block
copolymer structures, are another stimulus-responsive polymer design employed in
controlled drug delivery systems [29]. Temperature-sensitive polymeric micelles have
sparked a lot of attention since their properties vary rapidly in response to changes in
ambient temperature. The hydrophobic interaction between the dehydrated polymer
chains generates a core-shell micelle structure above the LCST when a temperature-
sensitive polymer is used as the hydrophobic core-forming segment [30-33].
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Figure (1): Different shapes of micelles [32].

e Gene therapy
Gene therapy is a treatment for a number of genetic diseases that involves
correcting defective genes that cause genetic disorders. The introduction of the
essential therapeutic gene (DNA) into the cells, which can replace, restore, or
control the defective gene that causes the disease, is a critical step in gene
therapy. Viruses are the natural carriers of genes and the original carriers of
genetic transmission. Non-viral carriers, which are less expensive and safer
than viruses and easier to adapt than other gene delivery carriers like
liposomes, are made from polymers. When using a polymeric carrier, the
following are the main mechanisms in gene transfer, also known as
transfection:
Complexation of DNA with polymers
Injection of a DNA/polymer complex (also known as polyplex) into cells for a
period of time known as transfection time.

e The compound is removed from the cells.
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e Incubation period, which is the amount of time the cells are allowed to
incubate before the results are discovered. Alteration of the temperature
during the complexation, incubation, transfection time, thermo sensitive
polymers have been used to improve transfection performance [34-38].

cationic
polymer

3oy,

DNA
DNA-polymer
complex

transfected cell

Figure (2): Using a cationic polymer, the following are the major processes in gene
delivery: 1. Complexation of DNA

2. A compound that passes through the cell membrane and into the cytoplasm

3. The cytoplasm release of DNA

4. Transfer of DNA into the nucleus [39].

e Tissue engineering: Tissue engineering: "Tissue engineering" is a technique
for modifying tissue. Tissue engineering is a process using scaffolds for
delivering suitable cells in tissue repair or growth for two reasons; smart
hydrogels are promising materials for such engineering. First, they have an
aqueous environment. Second, in response to a suitable stimulus, they may
release the cells at the appropriate location. Minimally invasive injectable
systems, pH, and temperature-responsive polymers resolve transformation at
physiological conditions (37° C, physiological pH) [40-43].

e Polymeric nano-carriers for drug delivery: the creation of targeted, highly
effective medicines that allow for the precise delivery of pharmaceuticals at
the proper time More efficient localized effects and individualized
therapeutics have resulted from a greater understanding of molecular biology
and the design of novel polymers with stimulus-sensitive components[44].

e Other applications: smart polymers are incorporated into sensitive sensors to
detect and quantify specific ions and molecules for different kinds of
applications, including gas detection, heavy metal cation quantification, and
biological molecule detection [45-46].
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Classification of Smart polymers:

New polymers are being developed that change their physical and or chemical
properties in response to their environment. Polymers that respond to stimuli are a
polymer that responds to external stimuli like pH, temperature, and mechanical force.

Small molecules and biomolecules, as well as electric and magnetic fields, are all
present. Sensors and biosensors, controlled and activated drug delivery,
environmental cleanup, chemo-mechanical actuators, and a variety of additional
applications for smart polymers can be found in biology and medicine [47-64].

Chemical stimuli —responsive system
PH- sensitive polymers

when subjected to external acidic or alkaline environments, pH-sensitive biomaterials are
a prospective species that can deform or degrade. The pH-sensitive features of the
formulations allow the intramolecular or intermolecular pressures to be changed under
external pH conditions, resulting in drug release. [65-69].Changes in environmental pH
cause protons to absorb or release, encouraging bond breakage, solubility, and/or
structure [70-74].Hydrogels, nanoparticles, beads, hollow particles, and 3D porous
structures have all been produced and explored as materials with pH responsiveness [75-
76]. The main applications of pH -sensitive polymers are:

e Glucose monitoring technology

Insulin-loaded polymer complexes developed in acidic conditions and dissociated in
neutral/basic environments, exhibiting distinct pH-responsive properties. Because of
this, in an acidic medium, insulin release was highly slowed, whereas fast release
occurred at a neutral/basal medium. The libration of insulin from P (MAA-g- EG)
gels with PEG grafts in in-vitro exhibit a considerable insulin release as the gel de-
complexed [77-78].

e "Modified Drug Delivery System**

When acidified to a pH of roughly 5, pH-sensitive polymers can switch between
soluble and insoluble states by reducing the net charge on the polymer molecule by
adjusting the pH to neutralize charges on the macromolecule, making the
macromolecule less hydrophilic [79-81].

e Sustained Release Drugs

The formulation as sustained- release use alginate gel beads or particles is a distinct
sort of pH- sensitive smart polymeric system. The key advantage of this method is
that it enables greater drug loading while ensuring greater protein stability [77].
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e Physical Stimuli- Responsive System
Smart polymer-temperature sensitive

Because of their unique property of solution to gel transition above definite
temperature, heat-sensitive polymers are the most studied sensitive polymers. Some of
them also exhibit a phase transition that is similar to the human body's physiological
temperature. These polymers can also be modified to generate a sol-gel transition at a
certain temperature. These polymers have been divided into two groups based on how
they react to temperature changes:

e The lower critical solution temperature refers to polymers that become
insoluble at a specific temperature (LCST).

e Phase transition occurs in polymers that precipitate below a threshold
temperature, known as the upper critical solution temperature (UCST). The
breakdown of the polymer below the LCST is caused by the entropy term
associated with hydrogen bonding between the polymer and water. The
entropy term (hydrophobic interactions) takes primacy when temperatures are
raised above the LCST, resulting in polymer precipitation. One of the most
biocompatible polymers with LCST characteristics is poly (ethylene oxide)
(PEO) [82- 83]. Depending on the critical solution temperature, there is a link
between polymer and water molecules (It is the temperature that the polymer
and solution phase are intermittently changed according to their composition (.

A two-phase polymer changes from a soluble (single-phase) to an insoluble (two-
phase) state above the critical temperature. The temperature at which the polymer
transitions from an insoluble to a soluble state as the temperature rises is known as the
lower critical solution temperature (LCST); the temperature at which the polymer
transitions from an insoluble to a soluble state is known as the upper critical solution
temperature (UCST) (UCST) [84- 85].

\
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Figure (3): Behavior of temperature- sensitive polymers [86].
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Different ratios of hydrophobic or hydrophilic units were used to obtain a suitable
LCST. In the case of drug administration, the LCST is an achieved approximately at
body temperature. For example : Poly(N-isopropylacrylamide) (PNIPAM) shows
LCST in aqueous solution at 32 °C , when they drop below this temperature the
polymeric chains are hydrated so it is soluble in water , and when they increase above
this temperature the polymeric chains are de-hydrated so it is insoluble in water[87-
91]. The main uses of temperature- sensitive polymers

e The ability of smart drug delivery polymers with LCST to adjust the drug
delivery matrix and intermittent release profiles in response to temperature
changes was investigated [92].

e Tissue engineering: Poly (NIPAAm-co-acrylic acid) (poly (NIPAAm-co-
AA)) gels was used as extracellular matrix for pancreatic islets in bio-hybrid
pancreas [93].

e Polymers grafted to the surface and used to structure cells
Polymers with a hydrophilic / hydrophobic balance relied heavily on the self-
assembled amino-propyltri-ethoxysilane modified (APTES) (SAM) monolayer
[94].
Light-sensitive polymers

Polymers change an amphiphilicity, conformation, polarity, optical charity, charge or
conjunction in reversible or irreversible ways [95]. The most widely used
photosensitive agents are spiropyrans (SP) and azobenzenes (azo). Reversible
chromophores or reversible molecular switches are chromophores that can be turned
on and off. When exposed to ultraviolet (UV) light, hydrophobic spiropyrans
transform to a merocyanin (hydrophilic isomer), which then changed to spiropyrans
when exposed to light, a more polar cis state when exposed to ultraviolet light [96-
99].Examples of smart light-sensitive polymers and their applications

e The release of bovine serum albumin from photosensitive formulations was
rather steady for one month, according to in-vitro tests.

e These systems could also be used to protect tissue surfaces temporarily, seal
tissues together, and prevent cells from sticking to tissue surfaces [100-103].

Electric sensitive smart polymer

When an electric field is applied to a polymer, it causes it to change size or shape.
Actuators and sensors are two of the most prevalent uses for this material. The ability
of EAP to bend while resisting large stresses is one of its most notable characteristics
[104-100]. Electrical stimulation is a straightforward and inexpensive way for
clinicians to modulate medicine delivery as needed. EAPs can be utilized alone or
combined with biocompatible polymers to produce new stimuli-responsive
biodegradable systems.
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Because the redox reactions that drive the response to the stimulus are reversible and
repeatable, drug release from the system can be reliably controlled. Electrical
stimulation’'s main disadvantage is the necessity to embed electrodes in a polymer
matrix, which limits its application to topical or subdermal implants. Electrical
stimulation, on the other hand, is well suited for application in these locations due to
the absence of specialist equipment and ease of use [111].

Bio-responsive smart polymer

Biologically sensitive polymer systems are becoming more important in a range of
biomedical applications. The ability of bio-responsive polymers to respond to natural
stimuli is its primary advantage. The three types of physiologically sensitive polymers
are inflammation sensitive polymers, glucose sensitive polymers, and enzyme
sensitive polymers. "Biology-to-material™ interactions in so-called bio-interactive
polymers may likewise drive macroscopic transitions in smart polymers. These
materials have biomolecules receptors that, when triggered, change the characteristics
of the material in a localized or bulk manner [98].

Glucose-sensitive polymers:

Glucose-sensitive polymers can mimic normal endogenous insulin production,
lowering the risk of diabetes and enabling for more controlled release of the bioactive
chemical. These are glucose-sensitive, exhibiting a wide range of responses when
glucose is present. These polymers have sparked a lot of interest because of their
potential use in glucose sensing and insulin delivery. The following approaches have
been used to generate glucose-sensitive polymeric based systems:

e Enzymatic oxidation of glucose by glucose oxidizes.

e Glucose binding with lectin.

e Reversible covalent bond creation with phenylboronic acid moieties
[112,113].

The polymer reacts with the by-products of glucose oxidation by enzymes, causing
glucose sensitivity. By oxidation, glucose oxidizes transforms glucose to gluconic
acid and H202. When blood glucose levels rise, glucose is converted to gluconic acid,
resulting in a reduction in pH and protonation of carboxylate units. When blood
glucose levels rise, glucose is converted to gluconic acid, causing the pH to drop and
the protonation of carboxylate units to occur in the case of poly (acrylic acid) coupled
to the GOx system. Because of its release pattern, this closely mirrors that of natural
insulin, this technology is gaining popularity.

A glucose-sensitive system is created using lectin's specific carbohydrate-binding
characteristics. Lectins are multivalent proteins with a glucose binding capability that
has led to the development of a wide range of glucose-sensitive materials.
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Other sugars did not elicit a reaction from these systems, only glucose and mannose
did. Concanavalin A (Con A) is an insulin-modulated drug delivery lectin with four
binding sites [114-118].

Enzyme- sensitive polymers

Because they link the properties of polymers to specific biological activities, these
materials offer a significant step forward in the integration of artificial materials and
biological entities. The availability of cofactors and the expression of enzymes are
both regulated by nature. Enzyme that used in the development of smart biomaterials
because of their incredible ability to detect and accelerate physical and chemical
changes in the material. A concentration gradient difference connected to disease, or
both, occurs when specific enzymes are over expressed in the tissue environment
Smart delivery systems based on enzymes, or a mix of the two, are excellent[119-
122].

Enzyme-sensitive systems can shield their cargo from deterioration during transport
and selectively release it once it arrives. The use of enzyme substrates covalently
bonded to amphiphilic copolymers to make enzyme-sensitive polymer assemblies is a
popular method. Nanomaterials constructed from enzyme-responsive materials exhibit
higher permeability and retention effects (EPR) as well as site-specific release [123-
127].Examples of enzyme sensitive polymer with their applications:

e Drug Delivery
To maintain a treatment and convey it to the site of action, delivery systems
use carriers such as micelles and capsules. As soon as these vehicles are
injected into the site of action, the enzyme breaks down the polymer,
releasing the active substance into the environment. Hydrogels are effective
drug delivery vehicles because they absorb a large amount of water to mimic
the extracellular matrix (ECM) network. Proteases catalyze the breakdown of
peptide bonds. A poly (ethylene glycol) diacrylate (PEGDA) hydrogel drug
delivery system was created using photoinitiated polymerization by chain
growth in the presence of a specific matrix metalloproteinase 2. (MMP2).
MMPs are zinc-containing endopeptidases with calcium-dependent enzymatic
actions. PEGDA's use has been approved by the Food and Drug
Administration (FDA)[128-129].
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e Tissue Engineering

Polymer hydrogels have excellent mechanical properties and extracellular matrix-like
properties (ECM). These properties of the hydrogel allow cells to multiply
spontaneously and can be converted into a 3D tissue in the presence of the highly
hydrated 3D network. MMPs are enzymes that degrade and repair the extracellular
matrix (ECM) [78]. Lutolf and his associates In 2003, he produced synthetic materials
that were cross-linked with linear oligopeptide substrates to replicate MMP-mediated
penetration of the natural temporal matrix to aid tissue regeneration [130-131].

e Scaffolds that can be injected

Scaffolds are extensively employed in tissue engineering as a bulk material and for
the transport of cells and medicines. However, the requirement for surgery to implant
these scaffolds is one of their drawbacks. Injectable scaffolds, on the other hand, do
not require surgery and can be administered directly into the patient's body,
minimizing pain. When subjected to a stimulus, these scaffolds transform from a
liquid to a self-supporting hydrogel. This form of scaffold has the disadvantage of not
being able to be injected by a needle due to its high viscosity[132-134].

Inflammation sensitive polymers

Out of all the systems that communicate with the biological environment, those that
respond to a pathological milieu, particularly those that respond to an inflammatory
microenvironment have sparked the medical community's interest. One or more of the
fundamental properties of the inflammatory microenvironment, such as increased
permeability of blood vessels and positive regulation of specific genes, lowering of
pH, high oxidative stress, and over-expression of matrix remodeling and
inflammatory enzymes, have been used to develop inflammatory enzymes and matrix
remodeling. Polymers will be employed for more effective treatment of many
illnesses. The EIVIS effect refers to the ability to use passive targeting to selectively
activate these macromolecular complexes in the location of inflammation due to the
complexity of the inflammatory microenvironment, cell targeting of information-
recruited phagocytic cells (e.g., macrophages) or direct targeting of particular cell
surface receptors that are over-expressed in inflammatory regions are both possible
options. [135-138].
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Dual and Multi-stimuli sensitive polymers

Polymers that responded to a multiple stimuli, Polymers can also respond to various
dual-stimulus sensitive systems as well as a range of stimuli. Light and temperature,
temperature and pH, and light and electric field were all measured in combination.
There was confirmation of a threefold reaction to the stimuli. Polymers that respond
to light, heat, and pH are known as multi-stimulus polymers. Distinct functional
groups that respond to different stimuli can be combined to create polymeric materials
that respond to many stimuli. Polymeric materials sensitive to numerous stimuli can
be created by combining several functional groups that respond to different stimuli
[139].

This process includes copolymerization of monomers with these functional groups,
coupling of heat-sensitive polymers with polyelectrolytes (SIPN, IPN), and the
synthesis of new monomers that respond to both stimuli at the same time. examples of
polymers sensitive to dual stimuli and their applications

e The main use of polymers with dual stimulus effects is the development of
various smart core microgels based on PNIPAAmM, MBAAm, and chitosan or
poly (ethyleneimine) in the absence of surfactants. Graft copolymerization
was used to create these materials, which have a well-defined core-layer
structure with temperature-sensitive cores and pH-sensitive layers.

e Genetic engineering of elastin-like polymers is the second major application
of these smart polymers (ELP). Materials were created by fermentation,
which has proven to be beneficial to the environment. ELPs were sensitive to
changes in pH and temperature [140].
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